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INTRODUCTION 
Recently much interest has been shown in small scale alcohol 
plants. These plants could be built in agricultural communities to 
produce an alternate fuel for spark ignition engines in the event of a 
nationwide petroleum shortage. Evaluation of a small on-farm plant was 
conducted by researchers at the Iowa State University Agricultural 
Engineering Department. They successfully operated a batch ethanol 
plant during 1979-1981. The time required to manage and operate the 
plant, however, and the batch to batch variations in yield indicated 
that continuous plant operation might reduce labor requirements and 
result in hi^ er ethanol yields through better process control. 
In order to produce ethanol from com, the starch must be cooked 
and treated with enzymes to form glucose, a sugar, which is then 
fermented by yeast to ethanol. Conmercial grain processing plants 
separate the starch from the grain and use large, continuous cookers on 
the separated starch alone. These are not suitable for farm scale 
alcohol production because they are expensive to purchase and operate. 
Also, starch separation on a small scale is probably not feasible. 
With the aid of a grant from the Science and Education 
Administration of the United States Department of Agriculture, a small 
scale continuous alcohol plant that would provide enough fuel for a 300 
ha (740 acre) arable fairm has been constructed. The design, 
construction, testing and evaluation of the cooking unit for this plant 
is the subject of this dissertation. 
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OBJECTIVES 
Research on the project began in the summer of 1980. A pilot plant 
situated in the Chemical Engineering Department was used to give the 
researchers and technicians first hand experience of the operation of a 
starch cooker. Unpublished work by Chaplin and Wall jasper^  (1981) 
showed that steam injection cooking of com meal using commercially 
available enzymes resulted in good conversion of com meal to total 
reducing sugar. 
A computer assisted search of the Chemical Engineering Abstracts, 
Food Science Technical Abstracts and the Engineering Index was 
conducted. Based on the findings of this review and the requirements of 
the United States Department of Agriculture research project, the 
following objectives were defined: 
1. To design, construct and evaluate a continuous com meal cooker 
that would process 0.2 kg/min of solid material. 
An evaluation of this cooker would be based on the following: 
a. Material efficiency of the cooking process. This is the 
fraction of starch converted to total reducing sugar. 
b. The energy ratio of the conversion process. This is the 
ratio of higher heating value of the total reducing sugar produced to 
the electrical and steam energy used in the conversion process. 
 ^Agricultural Engineering Department, Iowa State University, Ames. 
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c. Material and energy balances at key points throughout the 
cooker. These are used to con^ are theoretical efficiency with actual 
efficiency. 
2. To determine the effects of temperature and solids content on 
material efficiency and energy ratio when used with commercially 
available hydrolytic enz3nnes. 
3. To automate the cooker to require a minimum of operator input. 
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LITERATURE REVIEW 
Theory of Starch Hydrolysis 
The process for conversion of starch into fermentable sugar 
involves two fundamental steps: 
1. Cooking the ground com meal by heating it in water to 
rupture the starch granules. 
2. Conversion of the cooked starch into fermentable sugar, 
namely the mashing step. 
To facilitate ease of handling starch slurries, and to prevent 
gelatinization, enzymes or acids are used to hydrolyze the starch 
molecules. This process thins and liquefies the starch as it is cooked. 
Conqplex sugars called dextrins produced by this initial hydrolysis are 
then exposed to other enzymes which further hydrolyze the dextrins to 
simple sugars like glucose. 
The physical and chemical steps involved in starch to glucose 
hydrolysis are summarized in Figure 1, and are examined in more detail 
in the following sections of this chapter. 
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Starch Granule Heat Added Solublllzed 
Acid or Enzyme . Starch 
Liquefaction 
Starch 
n = i + j + 1 
Dextrins 
> (l + DCjHjjOg 
Saccharification Glucose 
Overall Reaction 
—> (n + DCjHjjOj 
Starch 
mwt = n(162) + 180 
Glucose 
mwt = 180 
Enthalpy of reaction = 2.39 kcal/bond (endothermic) 
FIGURE 1. Hydrolysis of starch 
Enzyme Hydrolysis 
Liquefaction 
If pure starch is heated alone in the presence of water to 
approximately 65^ C, gelatinization will occur, to give a colloidal 
suspension of ruptured starch granules. The gelatinized starch can be 
readily converted to con^ lex sugars by the action of the enzymes alpha-
and beta-amylase. 
Historically, these enzymes were introduced into a batch of cooked 
cornstarch, in the form of malt; this consisted of germinated barley, 
which had been dried and ground to a fine powder. When introduced into 
the gelatinized cornstarch the malt has a pronounced thinning effect. 
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Evidence of a specific liquefying enzyme was first noted by 
Chrzaszcz in 1911, according to Tauber (1943). The thinning enzyme was 
first isolated by Waldschmidt-Leitz and Mayer in 1935 from an extract of 
germinating barley and was subsequently named "amylophosphatase" 
(Tauber, 1943). 
Further work by Hollenbeck and Blish (1941) showed that enzymes 
from three sources, namely malted wheat, Aspergillus oryzae. and a 
bacterial extract, when adjusted to the same dextrinization level 
exhibited the same liquefying power on a starch slurry. It was also 
shown that both dextrinization and liquefying ability are affected by 
heat and changes in pH. Calcium ions were found to protect both 
functions equally against heat inactivation. 
Thus, the researchers were able to conclude that dextrinization and 
liquefaction are attributable to one enzyme, namely alpha-anylase, and 
through more experimentation it was shown that bacterial alpha-amylase 
shows a higher optimum pH range and a greater resistance to high 
temperatures than amylases from either malted wheat or Aspergillus 
oryzae. 
Com starch contains 20% of a water insoluble fraction called 
amylose and 80% of a water-soluble fraction called amylopectin, contrary 
to many statements in common organic chemistry textbooks where these 
values are often reversed (see Green, Blankenhom, and Hart, 1975); see 
Figure 2 and Figure 3. 
Amylose is thought to be made up of long chains of glucose units 
with little or no branching. These chains have a molecular weigjht 
•Y\—/7 
a-l,4-glycosidic linkages 
Figure 2. Portion of an amylose chain (Bailey and 0111s, 1977) 
branch point 
(1,6 linkage) 
Figure 3. Portion of an amylopectin chain (Bailey and Ollis, 1977) 
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between 3,000 and 50,000. Amylopectin, however, is a branched glucose 
polymer, with branches averaging 25 glucose units in length. 
Amylopectin molecules are larger than amylose, having a molecular weight 
of 1 to 2 million. 
The alpha-amylase breaks down the a-1,4 links in the amylose at 
random (Novo, 1972). As a result of this process, dextrins are formed. 
Dextrin molecules have shorter chains than starch molecules. The a-1,4 
links in amylopectin are also broken by alpha-amylase ; however, the 
branch components of amylopectin are not affected because alpha-amylase 
cannot hydrolyze o-l,6 links. 
Saccharification 
Ohlsson in 1926 (according to Tauber, 1943) showed that it was 
possible to separate amylase into two fractions by sequential heat and 
acid treatments. The fraction that showed more stability towards heat 
is alpha-amylase, and the fraction stable in acid media is beta-amylase. 
Betâ-amylase will break down «-1,4 links starting at the reducing end of 
the chain in both starch and dextrins; this activity results in a 
stepwise release of maltose, a disaccharide. Like alpha-amylase, beta-
amylase cannot break a-1,6 links. 
Schoene et al. (1940) compared several types of amylolytic 
reagents, namely malt, moldy bran and soybean meal, with various mashing 
procedures and concluded that combinations of several saccharifying 
agents were beneficial when used with acid-hydrolyzed com mashes. 
After subsequent fermentation, the yield of alcohol was used to compare 
the degree of hydrolysis. Generally, lower alcohol yields were obtained 
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from grain mashes saccharified with dilute mineral acids, rather than 
with amylase. The following reasons were cited for the reduced alcohol 
yields: a) inefficient saccharification, b) retrogression of dextrose 
to starch, c) lack of nutrients, and d) formation of toxins or 
inhibitors during hydrolysis. Schoene et al. went on to show that moldy 
bran gave the best alcohol yields, it was thought that this was due to 
the wide variety of enzymes produced by the mold. 
Another enzyme, namely amyloglucosidase (Tauber, 1943), which is 
also called glucoamylase, is also present in malt; this enzyme together 
with beta-amylase further hydrolyzes the dextrins produced by 
liquefaction. Amyloglucosidase (ÂMG) mainly splits maltose into two 
glucose molecules, (Novo, 1972), but also shows activity toward the 
remaining a-1,4 links in short chain polysaccharides. More in^ rtantly, 
this enzyme can hydrolyze a-1,6 links in the dextrins formed by the 
action of alpha-amylase on amylopectin. 
Thus, the combination of the enzymes alpha-amylase, beta-amylase 
and amyloglucosidase, all found in barley malt, makes possible the 
complete hydrolysis of starch into a fermentable sugar - glucose (see 
Figure 4), 
The application of heat-stable bacterial enzymes in the starch 
industry was examined by Slott et al. (1974). An alpha-amylase derived 
from Bacillus licheniformis was used for starch liquefaction. The 
starch was processed in a slurry at a rate of 17 L/min (40% w/w dry 
solids). Further work by Rosendal et al. (1979) showed that the 
activity of this enzyme was a function of pH and ten^ erature, whereas 
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«lalMÉ 
-B-Ô-Ô-B-B  ^
kmfm 
•b^b-b-b-b-
kaSonct 
êpharmfm 
b-bb-bb^b 
Action of 
b«b-amibM 
Amylopectin 
B-B^B-O-BB-B  ^
AcGonof 
alpt»«nyl8» 
T b-bbbbh-bb-bb 
Action of 
alpha«ny<8t8 
mmd IwtMnyiatt 
h QQ 
bbbbbbb 
Action of AMG 150L 
FIGURE 4. Action of amylases on starch (Novo 1977a) 
bbbbbbbbbb 
Action of Thermanyl 60L and AMG 150L 
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stability was affected by a) temperatures in excess of 110*C, b) dry 
substance concentration of the process medium, c) calcium ion 
concentration, d) conductivity, and e) enzyme age. A mathematical model 
describing the dextrose formation during liquefaction was developed for 
use with pure starch. 
Continuous Cooking 
Interest in continuous cooking of starch was initiated in the late 
1940s. This was possibly brought about by economic pressures imposed on 
industry in post war years to reduce production costs and to increase 
processing capacity. 
Unger (1941) developed a continuous cooking system for whole cereal 
grains. The project was undertaken as a means of improving the 
properties of the product from the conventional batch process. Attempts 
to cook starch at 100*C were unsuccessful. The effectiveness of cooking 
was measured subjectively using iodine and microscopic observations of 
starch that had been cooked. A quantitative analysis was made by 
measuring the yield of ethanol by fermenting the cooked material. 
Reduced yields were hypothesized as being caused by bacteria not being 
destroyed at a cooking temperature of 100*C. Fineness of material grind 
was also investigated and it was concluded that this had no influence on 
ethanol yield from the fermented product. 
A pilot-scale pressure cooker was constructed that gave a product 
of 12% total sugar and converted 88% of the available starch. Unger 
went on to show that increasing holding time improved the plant 
13 
efficiency for any given cooking temperature. Maximum efficiency was 
obtained by holding for 10 - 15 minutes at 154*C. Another experiment 
revealed that the same efficiency could be attained by cooking at 177*C 
and a holding time in the range of 0 - 5 minutes. 
Flash cooling of the cooked starch was combined to give nearly 
instantaneous cooling to some preset temperature; this would reduce the 
amount of amylase destroyed in cooking and therefore increase ethanol 
yields. A much larger plant was then developed that successfully cooked 
whole cereal grain at a rate of 130 tonnes/d. It must be noted that in 
this particular report no mention was made concerning the use of 
statistical methods in the design and analysis of the experiments 
performed. 
Dlouhy and Kott (1948) investigated and developed a continuous 
hydrolysis system for pure starch. The cooker consisted of a slurry 
mixing tank, connected to a 100 m, 50 mm diameter pipe, which gave 
sufficient holding time for acidic hydrolysis. A flash cooler was also 
incorporated into the design for steam recovery. 
By varying acid concentration, holding time in the coil, or 
temperature, the dextrose equivalent in the product could be varied over 
a wide range. Holding times in excess of 18 minutes at 158*C were 
required to get 90% dextrose equivalent product at a normality of 0.030 
in the coil. 
Difficulties were encountered in using a batch system to feed the 
cooker. Solids would settle in the delivery pipes causing temperature 
surges in the cooker when the tanks were switched. Build up of material 
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on the walls of the hydrolysis coil caused the retention time to change 
and required periodic cleaning. Dlouhy and Kott used a cycle of 
water/acid water/caustic soda/water at elevated temperatures on a weekly 
basis to remove this build up. 
Omission of the acid catalyst caused plugging of the hydrolysis 
coil by a gelatinous material that could only be removed by prolonged 
steaming. The plant would not operate above 0.18 kg/L solids in the 
starch slurry. Plugging of the jet heater and discharge mechanism 
occurred, usually due to starch gels (agglomerates) or foreign material. 
Turbulent flow was recommended; however, insufficient data could be 
found to establish a definite minimum Reynolds number for pipe size 
determination. Final pipe size was based on a minimum linear fluid 
velocity of 0.12 m/s for any flow rate. 
Dlouhy and Kott were successful in producing dextrose by continuous 
hydrolysis of pure starch. They estimated an initial capital investment 
of one third to one half of that of an equivalent batch reactor. Best 
performance was obtained when the starch slurry specific gravity, acid 
normality, flow rate and reaction temperature were sensed and displayed 
to the operator. 
Rainard and Zanolli (1949) developed a simple direct steam 
injection starch cooker, which was constructed from standard piping. 
The product from the pilot plant was to be used for sizing and printing 
and therefore used pure starch as the raw material. A positive 
displacement pump was used to feed starch slurry into a cooking chamber. 
The cooking chamber consisted of a 50 mm diameter pipe 0.3 m long. 
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Steam was sparged into this chamber through a capped length of 13 mm 
diameter pipe with ten 2.4 mm holes. 
The plant had a capacity of 6.43 L/min of cooked starch slurry. 
The cooker operated at 82*C, and the cooked material was discharged into 
a surge tank before use in the sizing of carpets. The temperature of 
the cooking operation was regulated by a temperature sensor at the steam 
sparger. 
The properties of the starch pastes produced by this method were 
the same as the batch product but, because the injection steam cooker 
operated by rapid heating of small volumes of starch slurry up to 
gelatinization temperature, the number of unswollen granules was small. 
As a result, the viscosity tended to be lower than in an equivalent 
batch process, particularly when operated at the gelatinization 
temperature of 75 - 80®C. 
Starch samples were cooked at temperatures higher than the gelling 
temperatures, resulting in products that were more susceptible to 
mechanical breakdown. This was demonstrated by agitating samples cooked 
at different ten^ eratures under the same conditions. Samples cooked at 
79*C resulted in a viscosity of 0.03 Pa.s (measured by a Brookfield 
viscometer at 50*C), whereas a 95°C cooking tenqperature resulted in a 
0.01 Pa.s material. 
Ethridge (1954) discussed the application of a new jet cooking 
process developed by Â.E. Staley Manufacturing Company, to help improve 
paper quality. The continuous process is cited as increasing the range 
of starch properties made available to industry by precision control of 
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the cooking process. The degree of shear on the starch slurry could be 
varied by altering the clearance of a conical orifice in the steam 
injection unit. This was used to alter the characteristics of the final 
paper product. An identical report on the Â.E. Staley cooker is 
presented in an article entitled "A continuous starch cooker proves 
itself" (Paper Industry, May 1955). 
Another report concerning the adaptation of continuous starch 
cooking in the paper industry is presented by Chinn (1957). The cooker 
was developed by Com Products Sales Company, and the advantages of 
using this type of cooker were cited as 1) using less floor space than 
conventional batch plants, 2) requiring less initial capital investment, 
and 3) yielding more flexibility in operation, resulting in fewer 
spoilage problems. 
A Hydroheater or jet cooker was employed in this design to mix the 
starch slurry with the steam and give the cooked starch the required 
physical properties. A batch of 5700 L of slurry was mixed to provide 
sufficient feed to the cooker; this slurry was then circulated using a 
280 L/min pump to prevent settling. Before cooking, the starch was 
further diluted to prevent excessive pressure build up at the 
Hydroheater. No results were presented in this report. 
Commercially available enzymes began to influence the design of 
starch cookers in the early to mid-1960s. Modification of older 
existing batch plants was an economic alternative to getting conqplete 
automation in the established paper industry. Bidrawn et al. (1965) 
discussed the development of a continuous conversion Column that use 
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enzymes to hydrolyze starch. The cooker consisted of a tall column; 
starch slurry and enzyme were pumped into the bottom. Heat was supplied 
by direct sparging of steam into the column at various heights. Many 
rotors controlled the flow of the material as it was forced up through 
the column. Heat loss from the column was minimized by the use of a 
water jacket. The enzyme could be deactivated by increasing the 
temperature at the top of the column. Enzyme dosage and flow rate were 
controlled in order to obtain a product of the desired consistency. 
According to Staigle (1968) early atten^ >ts to use steam jet cooking 
in adhesive preparations were unsuccessful. Thus, a new system was 
developed for processing starch into an adhesive. A starch slurry was 
prepared in a mixing tank at 38°C. The slurry was then pumped through a 
jet cooker at 28 L/min, and steam flow rate to the jet cooker was 
pneumatically controlled. The starch slurry was cooked at 93*C and then 
rapidly cooled to 65*C before subsequent chemical treatments. Staible 
cited the continuous process as being cleaner and less cotQ>licated than 
the traditional batch method of adhesive preparation. Semi-skilled 
labor could be quickly trained to operate the new system. 
Cave and Adams (1968) used a heat stable alpha-amylase to hydrolyze 
25 - 40% starch slurries. The slurry was pumped through a steam jet and 
heated to 93*C. The discharge from the jet was fed into a holding 
column where thinning took place for 60 minutes. A water jacket 
surrounding the holding column prevented excess heat loss. Enzymes were 
destroyed by exposing them to high temperatures at the outlet of the 
column. Dilution water could then be added to give the product the 
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desired consistency. After running a pilot plant, the following 
conclusions were made: continuously cooked starch exhibited much lower 
viscosities, i.e., 0.3 Pa.s at 49*C, and the product could be cooled to 
32*C with no increase in viscosity. Batch processed starch would 
exhibit viscosities of 10 Pa.s under the same conditions. This reflects 
the finding of Rainard & Zanolli (1949). 
Later cookers developed by Cave & Adams had a nominal capacity of 
76 L/min. An automatic washout cycle was also incorporated to leave the 
equipment clean for start up. 
In a more recent paper by Markham and Courchene (1980), a 
continuous pulp cooker is discussed. The pilot plant was used to 
evaluate the hydrolysis of wood pulp at a rate of several tonnes per 
day. The hydrolysis of the cellulosic material took place in digestion 
tubes which were 5.5 m long and 0.46 m in diameter. An internal auger 
in the tube was used to control the retention time of the material as it 
cooked. A steam and acid spray was introduced into the digester along 
with the pulp material. Because of the varied properties of material 
entering the digester, several feeding mechanisms were used. One of 
these was an extruder device that increased the bulk density of the 
incoming feed. This system is similar to that used in the sugar pulping 
industry to process sugar cane and beet. This material is first sliced 
so that it can be handled more readily. 
The actual digester design is of particular interest, because it 
has not yet been adapted to the processing of com meal for 
fermentation. However, the extrusion of grain has been used extensively 
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for processing breakfast cereals. The combination of a grain extruder 
and the type of digester described by Markham and Courchene may prove 
successful in the ethanol industry. No studies have been done on the 
efficiency of such an extrusion type cooker. 
Summary of Literature Review 
Hydrolysis 
Complete hydrolysis of starch to glucose may be accomplished by the 
use of alpha-amylase in conjunction with bacterial amyloglucosidase. 
The alpha-amylase is the enzyme responsible for liquefaction of the 
starch at elevated temperatures (90°C, pH 6.5), and for the random 
cleavage of a-1,4 links in both amylose and amylopectin (the insoluble 
and soluble fractions of starch). This results in a mixture of short 
chain polysaccharides (dextrins) and unhydrolyzed alpha-limit dextrins, 
the latter being polysaccharides containing a-1,6 links unbroken by the 
action of alpha-amylase. 
The second enzyme treatment, carried out at lower temperatures and 
in an acidic medium with amyloglucosidase, will hydrolyze the remaining 
alpha- 1,4 links and, more importantly, the a-1,6 links, resulting in 
single glucose units. 
Continuous cooking 
Much work has been done in the area of processing pure starch using 
acid and/or enzyme hydrolysis. Most processes use a jet cooker to mix 
steam with the starch slurry and then subsequent chemical reactions take 
place in either tubular reactors or completely mixed tank reactors. The 
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bulk of the research on this topic has originated in the paper and glue 
industries where large volumes of starch are processed. 
A summary of each investigator's work is presented in Table 1. 
This table does show that work by Unger (1941) is similar to that 
undertaken in this study. However, Unger did not have thermostable 
amylases available when he conducted his work, and concluded that low 
temperature (100*C) cooking of ground com meal was unsuccessful. He 
went on to develop high pressure cookers on a much larger scale. 
None of the papers reviewed included a structured statistical 
design to guide the researcher, nor has energy been considered as an 
important factor in starch conversion to date. 
The viscosities of the cooked starch slurries are of great 
interest. At solids concentrations greater than 5% w/w the starch 
slurries exhibit pseudoplastic behavior. Values for viscosity found in 
the literature for cooked pure starch slurries vary greatly. The 
physical properties of the cooked material depend on the temperature of 
the cooking process, the retention time at the elevated temperature, the 
degree of shear to which the slurry is exposed and the activity of the 
enzyme in such an environment. A personal communication with Neal 
Briggi^  (1978) indicated that his researchers encountered viscosities as 
high as 1 Pa.s in an e^ qperimental jet cooker operated at 105^ C. The 
slurry was a 35% w/w pure starch with a 0.06 to 0.1% dosage of Thermamyl 
' Technical service representative. Novo Laboratories Inc., Wilton, 
Connecticut. 
Table 1. A summary of research work on continuous cookers 
Capacity 
Volumetric Mass 
Hydrolysis Flow Rate, Flow Rate, 
Researcher Material Acid Enzyme L/mln kg/mln 
Solids Q 
kg/L water Temp, C Product 
Unger(1941) Corn 
Dlouhy and 
Kott (1948) Pure 
Malt 0.5 
11.9 
0.2 
13.5 
0.36 
0.18 
127-154 Ethanol 
132-168 Sugars 
Syrups 
Pastes 
Ralnard 
and Zanolll Pure 
(1949) 
Ethrldge 
(1954) 
Chlnn(1957) 
Pure 
Pure 
m 
NR 
NR 
NR 
NR 
NR 
Bldrawn 
et al.(1965) Pure 
Staigle(1968) Pure Alkali 
Cave and 
Adams(1968) Pure 
Markham and 
Courchene Cellulose * 
(1980) 
NR - Not Required 
6.43 
37.9 
3.9 
37.9 
28.4 
11.4 
2.3 
3.1 
6 . 1 1  
Several 
Tonnes 
Per Day 
0.06 
0.48 
0.35-0.65 
0 .21  
0.25-0.35 
82 Paper 
Carpet 
Size 
Paper 
Paper 
74-79 Adhesive 
Paper 
93. Glue 
93 
170 
Size 
Pulp 
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60L.* The viscosity drops to between 0.2 and 0.5 Pa.s after a five 
minute retention in a tubular reactor and flash-cooling to 95*C (both 
viscosities measured at 90 - 95*C). This is indicative of the great 
variation in viscosity encountered within such a continuous starch 
cooker. Briggi states that when using ground com meal in lieu of pure 
starch the physical properties of the cooked slurry are further 
complicated by the size distribution within a sanqple of milled com, and 
the slurry exhibits a higher viscosity. As long as the material can be 
readily handled within the cooking plant, the viscosity has little 
bearing on work presented in this dissertation. 
At the onset of this study. Dr. S. Silver* of Novo Enzymes was 
contacted (personal communication, 1981). Silver and his colleagues had 
developed a continuous cooker some three times larger than that proposed 
for the ongoing Iowa State University - United States Department of 
Agriculture research project. The cooker had processed pure starch from 
various sources and was used to evaluate enzyme activity. 
Thus, it is concluded that this study as outlined in the objectives 
is unique for the following reasons: 
a. It uses a thermostable alpha-amylase to hydrolyze ground 
com meal at a low mass flow rate of solid material (<0.3 kg/min). 
b. It uses a stmctured statistical design for data analysis 
 ^Mention of a brand name does not in^ ly endorsement by Iowa State 
University. 
* Researcher, Novo Laboratories Inc., Wilton, Connecticut. 
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and interpretation. 
c. It examines material efficiency and energy inputs for 
processing ground com meal and compares these with values obtained when 
using pure starch. 
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DESIGN CONSIDERATIONS 
Cooker Functions 
To meet the needs of the Iowa State University - United States 
Depairtment of Agriculture energy project, a small continuous cooker was 
designed. 
The cooking and liquefaction of starch from any source consists of 
three major operations: 
1. Preparation of starch slurries. 
2. Liquefaction, which is the gelatinization and eventual 
thinning of the cooked slurry. 
3. Saccharification and ultimately dextrinization of long chain 
polysaccharides produced by liquefaction to yield glucose, a 
fermentable sugar. 
Starch slurry preparation 
Usually, the slurry preparation is part of a wet milling operation. 
Milling consists of the following: 
1. Soaking (known as steeping) the intact kemals in an SO^  
solution, 
2. Grinding, 
3. Separating the various components by stepwise continuous 
centrifuging. 
The fraction containing mainly starch would then be used in the cooking 
process. The wet milling process, however, would be much too expensive 
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to use on a farm scale plant, so the com is hammer milled and then 
slurried with water and enz3^ e. 
Gelatinization of the starch slurry 
The concept chosen for cooking and gelatinization of starch or com 
meal involves mining steam with slurry. The slurry consists of water, 
solids in suspension and an enzyme called alpha amylase. 
A positive displacement pump meters the slurry through an annulus 
in a device called a Hydroheater. Here, the slurry is subjected to a 
high degree of shear and steam is injected into the slurry stream via a 
small needle valve and jet, hence the term "jet cooking". The rapid 
increase in temperature mptures the starch granules and opens the 
starch matrix, thereby making the starch molecule susceptible to 
enzymatic hydrolysis. The presence of a thermostable amylase reduces 
the viscosity of the starch paste as it is cooked, thus avoiding 
excessive viscosities, and a good substrate for the saccharifying 
enzymes is obtained. 
Saccharification 
The thinning is actually the beginning of saccharification, thus 
accounting for a large initial drop in viscosity. The gelatinized 
starch is further attacked by enzymes during dextrinization. 
If the dextrins are cooled, further hydrolysis may be accomplished 
by adding amyloglucosidase. This enzyme will break down the a-1,6 links 
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and also help prevent retrogression, which is the recombination of short 
chain saccharides to make long chain polysaccharides. 
Cooker Capacity 
Estimates of fuel use on Iowa farms vary but data taken from Hull 
and Himing (1974) suggest that 65 L/ha.y is typical for conventional 
com production (diesel only). If diesel engines could be modified to 
run primarily or completely on an ethanol/water mixture, and if the 
lower efficiencies of combustion and lower energy content of ethanol per 
unit volume of fuel would require a doubling of fuel volume, then the 
amount of ethanol required for com production would be 130 L/ha.y. 
Consequently a 300 ha farm would require approximately 39,000 L/y. 
Assuming a 100% conversion of starch to ethanol and con^ lete recovery 
during distillation, an acceptable yield would be 380 L/tonne of com. 
Thus, a cooker operating continuously would have to process 
approximately 100 tonnes of com per year. This is equivalent to 
processing 0.2 kg/min. 
Design Criteria 
The following design criteria were developed at the beginning of 
the investigation: 
1. The cooker will process 0.2 kg/min of solid material and give 
a hi^  yield of final product. 
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2. The costs for plant investment, energy and labor must be as 
low as possible. 
3. Process terq>eratures and pH levels are to be controlled 
automatically. 
4. All pipes and tanks should have provision for cleaning in 
place, for ease of cleaning after cooking. 
5. All flow rates, temperatures and pressures at key points in 
the process are to be monitored and recorded. 
6. Heat exchangers and associated piping are to be locally 
constructed from copper tubing and commercial plumbing 
fittings. 
7. All equipment should occupy a volume no greater than six 
cubic meters for easy transportation. 
Process Description and Design 
The process is best described when divided into two stages. A flow 
chart is presented in Figure 5. 
Stage one 
a. Milled com is mixed with water at a nominal rate of 0.2 kg/min. 
Mixing takes place in a 175 L stainless steel vessel called the "make 
down tank"; thus, sufficient material is available should the solids-
metering system break down (approximately 3 h reserve). The milled com 
is fed into the make down tank "eimg a commercial powder feeder. The 
feed rate can be changed by altering the voltage to the vibrator on the 
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inputs outputs 
steam — 
— hot water cold water -
cold water — 
substrate 
flash cooling 
and mixing 
— hot water 
water - slurry mixing 
solids - at room 
alpha amylase - temperature 
acid — low temperature 
base - hydrolysis pH 4.5 
amyloglucosidase - 60°C mixed 
high temperature 
hydrolysis 
100°C+,5.5min 
FIGURE 5. Continuous cooker flow chart 
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drive mechanism. The level of the slurry in the make down tank is held 
constant by a float valve on the water supply main. 
Com is milled using a hammer mill with fixed hammers and a 1.2 mm 
screen. The com was milled so that 76% would pass through a number 28 
Tyler sieve (0.589 mm). (For a particle size distribution see Appendix 
A.) 
Alpha-amylase (Novo 60L) is pumped from a storage tank by a small 
chemical feeder into the make down tank. The enzyme dosage rate can be 
changed by altering the ratio of enzyme to buffer, changing the feeder 
pump displacement or a combination of both. 
No attempt is made to control the pH of the slurry at this stage, 
because the pH level is close to the optimum recommended by the enzyme 
supplier; however, it may be necessary to add calcium carbonate to help 
stabilize the enzyme. 
b. The slurry is fed by a progressive cavity pump into a steam jet 
at a rate of 1.0 L/min. The solids in the slurry are to be varied 
(10-25% w/w) in the experimental design to determine the effect of this 
variable. A progressive cavity pump was chosen because it will always 
pump the same volume of slurry and will not plug up with the solids. 
From past e:q>erience, it has been found that a larger pump run at a low 
speed is better than a smaller pump run at higher speed. The milled 
com in the slurry tends to be abrasive and the rotors and stators in 
progressive cavity pumps wear out rapidly at high speed. 
In the steam jet, the slurry is rapidly heated to 100*C by 
injecting steam. This temperature may be increased by altering the back 
30 
pressure in the system. This is done by restricting the slurry flow 
with a back pressure valve. 
- The slurry is maintained at this preset tenqperature for 5.5 
minutes. This is accon^ lished by passing the slurry through ^  long, 
insulated, 60 mm diameter tube. While the slurry is in this tube, the 
alpha-amylase hydrolyzes and liquefies the starch molecules to form 
complex sugars called dextrins. 
c. After this first hydrolysis, the slurry is flash cooled by 
sudden release to atmospheric pressure. Flash cooling condenses the 
steam that would evaporate into the air. The condensate from the flash 
cooler could go back to replenish the water in the boiler feed tank, or 
be used as a source of hot washing water. The slurry from the flash 
cooler enters a 19 L stainless steel surge tank. This tank has a heat 
exchanger mounted inside for fine control of the downstream process 
tenqierature, which is typically 60*C. Also, this tank dan^ s out some of 
the fluctuations in flow inherent in start up and shut down of a jet 
cooker. 
Material in the surge tank is mixed with a 0.56 kW centrifugal pump 
having a nominal capacity of 2 L water/s at 1.5 m head. This gives a 
full tank turnover time of 9.5 s. The object is to eliminate the need 
for expensive progressive cavity puiq»s, yet still be able to handle any 
remaining solids in the process stream. An added advantage is that the 
shear within the centrifugal pump mechanically reduces the size of long 
chain polysaccharides. 
The flow in the mixing loop may be diverted away from the surge 
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tank at a signal from an electric level control; this activates a relay 
which in turn opens and closes solenoid valves. The slurry is then 
pulsed into the second stage reactor. 
Water may be added at this stage to further thin and cool the 
slurry. The water flowrate is monitored through a rotameter. The flow 
rate is adjusted in combination with the surge tank heat exchanger 
control to maintain an average temperature of 60*C in the second stage 
reactor. 
Stage two 
The feed to the second stage reaction tank is a pulsed supply of 
dextrins at a volumetric flow rate of 1.0 L/min. The alpha-amylase in 
stage one has broken down many of the a-1,4 linkages; however, in order 
to obtain a more con^ lete hydrolysis of the starch it is necessary to 
use a saccharifying enzyme on the substrate. 
This hydrolysis takes place in the second stage reactor which is a 
160 L glass lined steel tank. The operating temperature at this stage 
in the process is maintained at 60*C. The tank is mixed with a 
centrifugal punç. Â pH sensor on the inlet side of the mixing pump 
signals chemical pumps to feed acid or base into the reaction vessel. 
This maintains the preset pH level, which is 4.0 for the 
amyloglucosidase used. The amyloglucosidase is pushed into the tank by 
a chemical feeder at a preset rate based on the solids content of the 
slurry. The slurry is retained in this tank for approximately 3 hours, 
which gives the enzyme sufficient time to react. Absolute cleanliness 
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must be ensured and periodic flushings with concentrated detergents are 
recommended to help remove lodged material. 
Because the reactor is sealed, input of a known volume of liquid 
displaces an equal amount of processed liquid. The displaced liquid, 
which is a solution of glucose with some small amount of maltose and 
remaining solids is then passed through a single-pass tube-in-tube heat 
exchanger. The heat exchanger hot liquid outlet temperature is 
maintained at 30*C by an on-off controller. Thus, a pulsed supply of 
fermentable substrate is available for fermentation. 
Â complete equipment list is presented in Appendix A. A schematic 
for the production cooker is shown in Figure 6. 
Syntronic 
powder 
feeder 
L=::3 
Eastern 
mixer 
0.37kW 
Hancock 
19mm 
Hydroheater 
M104ASX AA 
cooling 
chamber 
SV SV 
Allweiller 
slurry pump 
0.56kW 
symbols 
0 pressure ® pH sensor 
® temperature T level control 
(g valve SV solenoid valve 
/Os centrifugal AA air actuated 
^ pump 1-4 sample sites 
Teel 0.56kW 
mixing pumps 
heat cold 
exchanger [f== water in 
iHyÂA t^substrate 
II hot water out 
saccharification 
tank 160L 
w 
w 
FIGURE 6. Production cooker schematic 
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COOKER OPERATION 
Production Cooker 
Cooker preparation 
1. Mill 200 kg of com and allow it to cool overnight. This 
prevents the solids from sticking together. 
2. Load the feed hopper, making sure that no foreign material 
enters that could foul the pun^ s. 
3. Prepare a batch of slurry of 20, 22.5 or 25% w/w in the make 
down tank. Make sure that no lumps remain which could foul 
the pump intake pipe. 
4. Purge the steam supply line. Fully open the steam valve to 
blast out any debris out that could foul the cooking jet. 
5. Fill the storage tanks with chemicals (Novo 60L, Novo AMG 
150L, acid and base). 
Starting procedure 
1. Switch on all electrical power. Set cooling controls to the 
heat exchangers, making sure the back pressure valve is fully 
open. 
2. Open steam and water valves, pump water through the cooker 
and check the flow rate. It should be 1.0 L/min. If not, 
adjust the pump speed to give the correct flow. 
3. Open air valve to pneumatic steam control device. Check that 
the feedback and gain are adjusted to prevent rapid cycling 
of the steam valve. 
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4. Allow the cooker to heat up to operating temperature. To 
increase the temperature, close the back pressure valve. 
5. Start solids feeder, mixing pumps and chemical feed pumps. 
6. Begin cooking. Switch the cooker from water to slurry. 
Testing procedure 
Each test run was started at 7:00 a.m. and cooking continued until 
9:00 p.m. (14 hours). An operator monitored the cooker during the test. 
Hearing protectors and respirators were necessary because of the pump 
noise and the starch dust created by the solid feeding mechanism. The 
operator was responsible for monitoring the condition of the cooker at 
30 minute intervals and for making flow adjustments when necessary. 
Periodic measurements were taken to check the enzyme feed pump 
displacement; this could be altered if necessary by changing the pump 
stroke. 
Samples of liquid going through the plant were taken during the 
last three hours of operation. It was expected that the total reducing 
sugar concentrations in the second stage reaction vessel would increase 
exponentially, thus in theory reaching 95% of the asymptote after three 
times the longest retention time, when the process would be near steady 
state. Samples were drawn at fifteen minute interval at times 
corresponding to the flow of a plug of liquid passing through the 
cooker. 
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Sampling positions were located as follows: 
Site Location Sampling interval 
1 
2 
3 
4 
Inlet to pump 
After jet cooker 
After flash cooler 
Final product 
After site 2 
0 minutes 
6 
170 
Four sets of samples, collected at fifteen minute intervals, were 
considered sufficient for statistical analysis. The first sample to be 
collected was at site two after the steam injector, while the next 
sample drawn was at site one. This prevented disruption of the slurry 
flow through the jet cooker. Samples three and four were taken after 6 
and 170 minutes respectively, the sampling period corresponding to the 
retention time in the reactors. Each sample was collected in a 250 mL 
plastic screw top bottle, then frozen in a refrigerator freezer. 
Samples remained frozen until analyzed in- the laboratory. It was hoped 
that freezing would minimize hydrolysis during storage. 
Electrical energy used in the whole operation was measured using an 
ammeter and voltmeter on each device that used electricity. Readings 
showed that the electrical energy consumed did not vary from day to day 
(see Appendix A). 
Shut down procedure 
1. After all samples had been collected, the slurry feed was 
switched to water and the first stage cooker was purged with 
a steam and water mixture. This helped dislodge solid 
coatings on the inside of pipes. After 15 minutes, the steam 
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supply was switched off. 
2. The second stage reaction tank was drained and flushed with 
cold water. Flushing continued until no solids were seen in 
the discharge from the tank. 
3. All electrical power was disconnected. 
The following day was spent cleaning the whole cooking plant. The 
remaining slurry was drained from the make down tank. A strong 
detergent used to clean laboratory equipment was then prepared in the 
make down tank. The detergent was pumped through the plant with steam 
to thoroughly clean the pipe work. Sections of the tubing could be 
flushed with cold water and then drained. The plant was usually left 
filled with water to speed start up time. 
Production cooker operational problems 
1. The steam flow to the cooker was not instrumented. Steam 
rotameters for small flows are expensive and it was thought that a 
bucket and stopwatch approach would suffice. Also, the boiler was not 
maintained at 345 kPa (50 psig). Overnight shut downs to 100 kPa (15 
psig) were necessary due to the age of the boiler and as an energy 
conservation measure. This repetitive stressing of the steam tubes 
caused calcium deposits to flake off. Debris from the boiler and pipes 
would eventually accumulate at the jet cooker. This necessitated the 
purging of the steam lines during cooker operation. 
After ground com had been used in the cooker for a number of test 
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runs, it was evident that the steam pressure would have to be increased 
to prevent the combining tube from plugging with solids. This caused 
the slurry to backup the steam supply line. Increasing the steam 
pressure to 550 kPa (80 psig) prevented this occurrence. 
2. The powder feeder used to meter solids into the make down tank 
was prone to blockage. It was thought that the high humidity of the air 
was the cause. The problem could have been solved by installing a belt 
type feeder or slow auger. For the remaining tests, solids were fed by 
hand. After half of the slurry was used up, the make down tank was 
replenished with water, solids and enzymes. 
3. The pH controller required frequent recalibration. This could 
be done during a test run by checking the pH level of a standard buffer 
solution. The reasons for the set point changes could be due to 
temperature changes affecting the electrical components of the 
controller or the vibrations from other pumps on the cooker; these could 
possibly have moved the small setting screws on the face of the 
controller. 
4. Some solid material would become lodged on the float control in 
the surge tank, this difficulty was prevented by fitting a baffle plate 
on the inlet to the tank. Solids also accumulated from time to time in 
the solenoid valves that controlled the slurry flow from the surge tank 
to the second stage vessel. These could be purged with water or cycled 
manually to dislodge the material. Alpha-amylase was also metered into 
the surge tank to help liquefy any remaining starch. 
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Laboratory Cooker 
A small laboratory cooker situated in the Chemical Engineering 
Department was used to collect an independent set of results. The 
Hydroheater and back pressure valve from the production cooker were 
installed in place of the existing hardware: thus a model of the 
production cooker was at hand. 
The laboratory cooker consists of a holding tank dumping mixed 
slurry into a feed hopper mounted on a Moyno positive displacement pump. 
Both holding tank and feed hopper are equipped with small propeller 
mixers. Slurry from the Moyno pump is passed into the hydroheater, 
mixed with saturated steam at 600 kPa, and then passed into a retention 
coil. The retention time in this coil could be varied by changing the 
speed of the d.c. motor drive on the Moyno punqp. The entire retention 
tube was lagged with glass fiber insulation. The temperature of the 
cooking operation was controlled by restricting the flow of slurry at 
the outlet of the retention tube with a back pressure valve. Â flash 
cooler was used to prevent excess steam from escaping into the 
laboratory. Thermocouples were used to monitor the inlet and outlet 
slurry temperatures. 
No attempt was made to operate the laboratory cooker continuously. 
All slurries were mixed in batches and pH adjustments were made by hand. 
The low temperature hydrolysis using amyloglucosidase was carried out in 
a waterbath. A flow diagram is shown in Figure 6. 
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Slurry mixing 
In order to obtain repeatable solids concentrations in the slurry, 
it was necessary to adjust the weighed material for daily variations in 
moisture content (for method, see Appendix 2). The laboratory cooker 
was suited to process 8 L batches of slurry so this was adopted as a 
standard. When mixing the slurries, the following procedure was 
developed: 
1. Measure 6.5 L of cold water into a 19 L plastic bucket (All 
buckets were scrubbed with Tide and rinsed thoroughly before 
mixing). 
2. Weigh the solids to give the desired solids concentration. 
The solids are corrected for moisture content. 
3. Add the solids to the water in the bucket. At this stage, 
the slurry is mixed with a propeller mixer driven by an 
electric motor mounted on the lid of a bucket. A pH probe 
was then lowered into the slurry via a rigid plastic tube. A 
buffer consisting of potassium dihydrogen phosphate and 
sodium hydroxide was added to lower the pH to 6.5 ± 0.2. For 
the method of preparing the buffer see Weast (1981, page 
D-148). 
4. Alpha-amylase was added at 1.0 mL/kg wet solids. 
5. Water is then added to bring the solids concentration down to 
the desired level. 
6. All slurries in a set of trials were mixed sequentially. 
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Laboratory cooker operation 
The cooker was normally started in a wet condition, having 
previously been cleaned with hot water and Tide. At start up, the 
cooker was purged with clean water and steam. The variable speed motor 
was then set at 700 rpm. This gave a retention time of 5.5 minutes in 
the cooking coil. The desired cooking temperature was obtained by 
opening or closing the back pressure valve while the cooker was 
operating on water. 
The electric bucket mixer was then placed in the first sample to be 
cooked. Bucket mixing continued for ten minutes before the sample was 
transferred to the mixed holding tank. A sangle of the input slurry was 
taken at this stage. Water in the feed hopper was pumped out and the 
slurry was transferred from the holding tank to the feed hopper by 
opening a fast action valve. 
The slurry was allowed to pass through the laboratory cooker. A 
sample of the output slurry was collected after two-thirds of the batch 
had passed through, and input and output temperatures were recorded. 
After the feed hopper had emptied, it was replenished with cold water to 
flush the system. During flushing, the next operating point was set by 
adjusting the back pressure valve and the process started again for the 
next batch of slurry to be cooked. 
After all of the slurries had been cooked with alpha-amylase, 
samples of the slurry were allowed to cool to 60°C in a waterbath. The 
pH was then adjusted to 4.5 ± 0.2 by adding a few drops of propionic 
acid. Excess amyloglucosidase (Zymetec 6A-100) was then added to each 
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sample and the entire set of sanqsles was then incubated at 60°C 
overnight. 
A summary of the laboratory cooking procedure 
1. Mix all slurries (solids adjusted for daily changes in 
moisture content). 
2. Set d.c. motor at 700 rpm (1035 mL/min). 
3. Switch steam on and purge system. 
4. Set back pressure to give the desired cooking temperature. 
5. Fill the holding tank with slurry and start mixer. 
6. Allow the water in the feed hopper to empty; then transfer 
the slurry to the feed hopper. 
7. Allow feed hopper to en^ ty; collect sample of output slurry 
when two-thirds is cooked; also record input and output 
temperatures. 
8. Refill feed hopper with cold water to flush the cooker. 
9. Start again with the next slurry batch. 
10. Cool to 60®C (overnight). 
11. Adjust pH to 4.5 ± 0.2 with propionic acid; add 
amyloglucosidase; incubate overnight at 60*C. 
Laboratory cooker operational problems 
1. Solids were settling out during transfer from the mixing bucket 
to the holding tank. This problem was more acute when handling ground 
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com slurries. The solids that settled were very granular and would 
plug the Moyno pump. Thus, no attempt was made to add the settled 
solids back to the slurry in the holding tank. Because the settled 
solids were significant, it was necessary to define two new terms to 
describe the slurry. The target solids concentration being the desired 
or set point for the trial. The measured solids concentration from a 
sample taken at the holding tank is the actual or accepted input solids 
concentrât ion. 
It was thought that the milling operation might be the cause of 
this problem, resulting in inadequate size reduction due to leaks of 
partially milled com past the hammer mill screen. This was 
subsequently sealed around the edges with silastic caulking confound; 
however, the settling problem persisted and would only be solved using a 
more sophisticated slurry handling system. 
2. The d.c. variable speed electric motor was directly connected 
to the Moyno pump. At heavy solids concentrations and high cooking 
temperatures the motor barely had enough torque to drive the pump. A 
reduction drive gear box would overcome this inadequacy. 
3. The original back pressure valve was a needle valve (19 mm 
nominal pipe thread) manufactured by Whitey. The valve would not 
maintain a constant back pressure. This was probably due to the lack of 
self cleaning characteristics of the valve in such a working 
environment. Several valves of varying type and different manufacture 
were tried, the most stable was a 19 mm Hancock vee notch type steam 
metering valve as used on the production cooker. 
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4. The low temperature hydrolysis took place in an unmixed 
waterbath. Care was taken to keep all sample bottles clean, so that no 
organisms could grow in the total reducing sugar substrate before 
analysis. Aural and nasal senses were used each time a sample bottle 
was opened, as a gaseous discharge or smell would indicate an infected 
sample. 
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EXPERIMENTAL DESIGN 
After preliminary trials were conducted by Chaplin and Walljasper®, 
it was decided that an experimental design be structured to 
investigate the following dependent variables: material efficiency, 
energy ratio and conversion ratio- Material efficiency (ME) and energy 
ratio (ER) have previously been defined. (See page 2). Conversion 
ratio (CR) is an arbitrarily defined ratio of total reducing sugar (TRS) 
output (kg/L supernatant) to solids input (kg solids/kg slurry input). 
These variables are of particular interest in the economics of alcohol 
production, especially on a small scale. The independent variables in 
this study are temperature of the cooking process and the solids 
concentration in the slurry. Fahrenholtz' and Tveite^  were contacted to 
assist with the experimental design and analysis of the results. 
A randomized response surface design was selected. Pure starch was 
used as a control in the design with com meal as the treatment of 
interest. Replication assured that experimental error could be 
estimated, and randomization assured that the estimate was valid. 
A detailed description of response surface analysis is presented by 
Davis (1963); the following is a summary of this work. 
® Unpublished work. Agricultural Engineering Dept, I.S.U. 
® Formerly a consultant for the Statistics Dept. of I.S.U.; 
presently a researcher for Pillsbury, a division of General Foods Inc. 
' Consultant for Statistics Dept., I.S.U. 
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Response Surface Analysis 
The objective of a response surface analysis is to determine the 
experimental conditions (i.e. levels of dependent variables) that give 
an optimum result. 
Factors 
These are process or independent variables that are to be 
controlled in the design. For this study, these are the temperature and 
the solids concentration of the input slurry. 
Response 
The observed variables in this study are material efficiency, 
conversion ratio and energy ratio. Material efficiency is a measure of 
the degree of starch to total reducing sugar hydrolysis occurring in the 
cooking operation. The energy ratio is the ratio of higher heating 
value of the total reducing sugar produced to the steam and electrical 
energy consumed in the process. 
Thus for each observed response: 
T| = True level of a response. 
Y = Calculated level of a response. 
y = Measured level of a response. 
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Response function 
n = $ (X^ .X^ ) 
Where 0 = The response function to be determined 
X^  = Solids concentration 
X^  = Cooking temperature 
Response surface 
This is a surface generated by a three dimensional plot surface 
which approximates the relation between a response and the factor 
levels. A response surface may be represented by a contour map, or by a 
three dimensional picture. 
The experimental region 
After reviewing the literature, it was decided to investigate the 
cooker performance at temperatures greater than 100*C. Thus, the effect 
of shearing and sudden expansion of the cooked starch to atmospheric 
pressure could be quantified. 
The solids concentrations were determined by the physical 
limitations of the slurry handling system. For this study, the 
following region was defined: 
0.10 < Solids < 0.25 kg solids/kg slurry input 
100 < Temp. < 125®C 
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Solids concentration units will be abbreviated to kg/kg in the 
remainder of the text; however, the reader must be aware that kg/kg 
input is not equal to kg/kg output because of chemical changes during 
cooking. Levels of solids concentration are initially set at 0.15, 0.20 
and 0.25 kg/kg. Temperature levels for each cooker are as follows: 
Laboratory cooker 104, 114, 124®C 
Production cooker 100, 107.5, 115*C 
It must be emphasized that althougjh these points are "target" 
levels, it may be necessary to consider them as continuous variables in 
the statistical analysis. This is because the solids may settle out, or 
insufficient control of temperature results in levels other than those 
specified. 
Polynomial representation of the response surface 
Consider an independent variable, say solids (X^ ), and assume that 
the functional relationship between the dependent variable and is 
continuous. It would be possible to obtain the coefficients of a least 
squares fitted polynomial surface by taking a sufficient number of 
experimental measurements. The Statistical Analysis System (SAS 1979) 
available on the Iowa State University Itel AS/6 was used to determine 
the coefficients and to conduct F tests to determine the significance of 
individual terms. The wider the range of the more terms required in 
the polynomial to get an adequate fit. In the model for the experiment 
under study, a small section of the response surface could be 
represented by: 
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* = «0 + * @12% + 
Method for finding a maximum response 
Investigations of this nature are often time consuming and costly. 
Thus, it is not always practical to conduct sufficient trials to 
determine the response surface accurately for the total range of all the 
variables. A complete investigation is not usually planned at one time 
since it is conceivable that laboratory analysis will be completed 
before the next set of trials are performed. In practice, laboratory 
results are analyzed and the next set of trials are conducted with the 
knowledge of previous data. This requires efficient and coordinated 
laboratory work. 
Given the experimental region, about point E in Figure 8a, a set of 
preliminary trials would allow the determination of the first degree 
polynomial in and that governs the slope of the plane. Estimates 
of the slopes and designated as b^  and b^  are obtained by least 
squares. From the relative size and magnitude of these slopes, the 
direction of steepest ascent can be calculated. The e;q>erimenter then 
proceeds to a point, J, in this direction where the slopes are 
redetermined (Figure 8b), and thus a step by step procedure is developed 
so that a point of highest response may be reached. 
As the optimum point is reached, the slopes become more and more 
gradual. A modified approach becomes necessary at this stage because 
the plane will become horizontal in the "subregion". (Figure 8c). A 
higher order polynomial can be formed that accounts for the gentle 
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slopes. It must be realized that there may be comp1ications such as 
ridges (stationary or rising), saddle points or cols, and minima which 
can make optimization programs difficult. 
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Figure 8.a. Exploratory stage 1. Determine direction of steepest 
slope on plane ABCD. 
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Figure 8.b. Exploratory stage 2. Redetermine slope for plane FGHI, 
centered on J. If the plane is flat then fit "star" 
points otherwise repeat steps 1 and 2. 
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Figure B.c. Star points - Quadratic. The points KLMN are determined, 
thus a quadratic may be fitted along any axis. 
FIGURE 8. Surface exploration procedure 
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RESULTS AND DISCUSSION 
Starch Determination 
In order to make valid comparisons of cooker performance using 
starch from different sources, it was necessary to determine the starch 
content of the input solids. The com used was a common yellow dent 
variety originating from University Farm Services. It was not good 
quality and contained many broken kernels and debris. The commercial 
starch was prepared by Grain Processing Corporation, Muscatine, Iowa. 
This was an unmodified A-100 type pearl starch (99.2% purity). 
Several means of analyzing starch in cereal grains are available: 
1. Enzyme Hydrolysis (AOAC, 1975, test 14.069) 
2. Acid Hydrolysis (AOAC, 1975, test 8.017) 
3. Polarimetry (Earle and Milner, 1944) 
Methods 1 and 2 are chemical assays, whereas method 3 is a physical 
determination of the starch content. Chaplin (1980) reported the 
drawbacks of using methods 1 and 2 for starch determination in com. 
Firstly, both are lengthy procedures. The former method requires a 
lipid extraction followed by treatment with Rhozyme-S (Rohm and Haas 
Co.), a high potency concentrated amylase preparation, the final total 
reducing sugar content being determined by an alkaline ferricyanide 
method. Results from the procedure proved consistently high when 
compared with the accepted level of starch in yellow dent com, which is 
80% of the dry matter weight (Ensminger and Olentine, 1978)• 
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Further work with the direct acid hydrolysis procedure, where 
starch is hydrolyzed by treatment with hydrochloric acid and refluxed 
for two and a half hours, showed that fineness of grind and cooking time 
both influence the amount of starch released. 
Since the object of this study was to compare the performance of a 
continuous starch cooker when processing, pure starch and com meal, it 
was necessary to have an absolute value for starch content. It must be 
noted that both cookers tested use an enzymatic hydrolysis to convert 
starch to total reducing sugar, and comparison of results of actual 
conversions to either of the AOÂC hydrolysis methods is not justified. 
The cooker may or may not be a better way of determining starch than 
either test considered. 
In order to get independent determinations, a series of tests were 
carried out by three laboratories. 
Laboratory Method 
I.S.U. Animal Science Enzyme 
A.D.M. Cedar Rapids, lA. Polarimetry 
I.S.U. Agricultural Eng. Polarimetry 
The results are shown in Tables 2 and 3. Both the I.S.U. Animal 
Science and the A.D.M. results are lower than expected. The I.S.U. 
Agricultural Engineering laboratory results were reasonable when 
compared with accepted values of starch content. 
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McPherson' was contacted to assist with the analysis. The batch of 
pure starch was identified and Grain Processing Corporation verified a 
purity of 99.2%. McPherson suggested that the starch preparation before 
analysis is crucial and thus could be the cause of the low starch 
contents recorded. McPherson suggested a revised polarimetric technique 
(Com Industries Research Foundation, Standard Method, 1964) which was 
implemented by the I.S.U. Agricultural Engineering Laboratory. It must 
be noted that the AOAC (1945) methods handbook included a tentative 
polarimetric method for starch determin,ation in cereal grains, however 
this has not been accepted in the more recent editions of AOAC handbook. 
One possible reason for this omission is that the rotation of light must 
be measured with a precision of ± 0.003 degrees. Available 
instrumentation at I.S.U. could only measure to ± 0.01 degrees. 
TABLE 2. Results of starch determinations by A.D.M. and I.S.U. Animal 
Science 
Laboratory Method Sample 
No. of MCDB% 
Samples Ave. StdDev. 
Starch Content % 
Dry Basis 
Ave. Std. Dev. 
A.D.M. Polarimetry Com meal 14 11.42 3.88 65.78 3.51 
Pure starch 4 10.82 1.95 87.20 1.93 
Arrowroot 1 11.00 • • 90.55 . 
I.S.U. 
Animal 
Science 
Enzyme Com meal 
Pure starch 
Arrowroot 
14 
10 
1 
12.59 
12.75 
13.3 
1.19 
1.27 
49.54 
52.97 
62.2 
3.11 
4.51 
* Laboratory Supervisor, Industrial Products, Technical Service 
Department, Grain Processing Corporation, Muscatine, Iowa. 
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table 3. Results of starch determinations by I.S.U. Agricultural 
Engineering 
Starch Content, % 
Dry Basis 
Method Modifications Sample No. Ave. Std. Dev. 
Earle and None Com 6 60.2 12.11 
Milner (1944) Pure 3 98.0 8.21 
Com Screen solids Com 11 68.0 2.86 
Industries through 28 mesh (0.589 mm) Pure 5 95.3 2.01 Research Tyler sieve 
Foundation Arrowroot 7 100.1 1.55 
1964) 
screen through 28 mesh and Com 4 66.19 0.82 
soak overnight in CaCl^  
screen through 28 mesh, homo— com 4 68.72 0.64 
genize, and soak overnight in CaClg 
Another possible reason for inaccurate results may be due to. the 
error in determining the moisture content of the sangle. Moisture 
content was determined by the APHA (1981) method which entailed drying 
overnight at 105®C. This is an approved method for slurries and for 
particulate matter in water. Although it is realized that the APHA 
method is not approved for cereal grains, it was adopted for 
convenience. A comparison between the APHA method and the AOAC (1975) 
method number 14.004 for moisture in cereal foods was conducted. No 
differences in the moisture content of sanq)les could be detected. The 
AOAC method used an oven temperature of 130®C for one hour. 
The polarimetric method for starch content (Com Industries 
Research Foundation, 1964) requires a moisture determination by toluene 
distillation or other approved method giving equivalent results. As no 
such distillation equipment was available, it was thought that the 
improvised APHA moisture content method would suffice. 
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An error analysis reveals that for a 1% error associated with the 
laboratory determination of the moisture content of the sangle, or the 
rotation of li^ t, the resulting error in determining the starch content 
would be 1%. The rotation of the monochromatic sodium light was 
determined using a Kem polarimeter. This instrument could measure the 
light rotation to 0.05 degrees, and interpolation to within 0.01 degrees 
was possible. The combination of error induced by measurement of 
moisture content and rotation of ligjht could account for a 2% error in 
the starch content of the sample. It is possible that decomposition of 
the starch took place while drying overnight; however, no atten^ t has 
been made to assess the magnitude of this error. 
Statistical Analysis 
A statistical analysis was carried out using a general linear model 
procedure. The procedure uses the principle of least squares to fit 
linear models. All models used in the analysis are to include solids 
and temperature as main effects. The initial model used to investigate 
the data was developed as follows: 
i^j 0^ l^^ ij ®2^ ij + ^ 3,i^ i^®ij^  
Where y^  ^= Dependent variable CR, ME, or ER 
i = Type of starch i = 1,2 
j = Observation j = 1,2 n^  
S^ j = Solids level for observation ij 
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= Temperature level for obsevation ij 
= Starch type effect 
= Random error for observation ij 
From the analysis, it was concluded that there was significant type 
of starch by temperature interaction; thus, the response surfaces for 
each type of starch are different. The analysis can proceed dealing 
with each type of starch separately. Subscripts will be used to 
differentiate by type as follows: 
y^  = Response for pure starch 
y^  = Response for com meal 
Laboratory cooker results 
Since observations for pure starch were taken on different days, a 
statistical model was introduced to check for the daily variations in 
cooker performance and laboratory analysis. 
p^jk " ^l^ pjk %jk ^ =pjk [2] 
Where D represents daily variation k = 1,2,3 
The daily changes in cooker performance did not significantly 
explain any variation in the independent variables considered. 
Interaction and quadratic terms may be added to the model: 
"il = «0 + 6iS,, + @,T,. 4. PjCSDy + 
+ + *1 + 'ij ['I 
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Model [3] was fitted to the complete laboratory cooker data set. 
The significance of terms in the model was established using an F test 
on the coefficient with a liberal 0.25 level of significance in the 
first instance. If a non-significant term was detected, it would be 
omitted from the subsequent model, and the procedure repeated using a 
0.10 level of significance. 
The following dependent variables were considered: 
1. Conversion ratio (CR) 
2. Material efficiency (ME) 
3. Energy ratio (ER) 
The following are the best estimating equations for each starch 
type. 
Pure starch: 
CR = 280.7 + 10.6S + 7.411T + 0-037T^ . [4] p ns ms * 
ME = - 292.0 - 44.6S + 7.656T - 0.0380T' [5] p ns ms * 
ERp = - 2.1 + 85.4S** + 0.0162T^  - 0.532SxT** [6] 
Com meal: 
CR = 32.1 - 5.3S + 0.322T [7] 
c ns ns 
ME = 30.3 - 79.9S + 0.539T [8] 
c ns ms 
ER = 0.97 - 20.6S_. - O.OllT [9] 
c *** ns 
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Where ns = not significant at p > 0.13 
ms = marginally significant at 0.10 < p <= 0.13 
* = significant at 0.08 < p <= 0.10 
** = significant at 0.01 < p <= 0.08 
*** = significant at p <= 0.01 
Initial results for pure starch indicated that the optimum response 
could possibly occur at temperatures less than 115°C. At higher cooking 
temperatures, the cooked starch product tended to solidify and have a 
consistency comparable to "blancmange". The thickening of this product 
is possibly due to the enzyme's being destroyed at higher temperatures. 
The preceding method was used to determine the best fit response 
surface for pure starch at cooking temperatures less than 115*C, 
resulting in the following estimating equations: 
CRp = - 1811.2 + 62.2Sg^  + 36.03T*** - 0.17IT'*** [10] 
MEp = - 1866.8 + 6.0S^  ^+ 37.12T*** - 0.176T'*** [11] 
ERp = - 80.5 + 32.3S*** + 1.56T** - 0.0077T®** [12] 
By reducing the bounds of the experimental region in this manner, 
the sensitivity of the tests is reduced because there are fewer degrees 
of freedom in the error term. However, two important changes take place 
in the model. 
1. Temperature of cooking and temperature squared become very 
highly significant in explaining variation in CR and ME. 
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2. Solids by temperature interaction becomes insignificant and a 
temperature squared term is added to the model for ER. 
Partial differentiation of equations [10], [11], and [12] 
determines optimum cooking temperatures. This resulted in the following 
optimum teng)eratures for each independent variable of interest: 
Variable Temperature, 
CR 105 
P 
ME 106 
P 
ER 102 
P 
Contour plots of the esimating equations for CR, ME and ER are 
presented in Appendix E, and will aid in visualizing the response 
surface for each dependent variable. Â plot of ME vs. CR shows that 
they are correlated and may be used as a predictor for one another 
(Figure 9). No regression analysis was run as CR is not a cause or 
effect of ME. 
The major differences in the behavior of the cooker can be seen by 
comparing the contour plots for the full model; the following discussion 
relates to the full model. 
Material efficiency for pure starch increases as the cooking 
temperature approaches 100*C, whereas material efficiency increases with 
temperature above 100*C when cooking com meal. A possible explanation 
for this would be that two cooking regimes could exist. At lower 
temperatures, the enzyme is active and the hydrolysis is primarily 
chemical in nature. At higher temperatures, shearing of the slurry 
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throu^  the back pressure valve caused more physical disruption of the 
starch molecules. For pure starch, enzymatic hydrolysis results in a 
greater percentage of starch being converted to total reducing sugar. 
Com meal is better hydrolyzed by shearing at high temperatures. It 
must be noted that enzyme is also required for this hydrolysis. At high 
solids concentrations (>25% w/w) and cooking temperatures greater than 
120*C, the cooked slurry tended to solidify on cooling. This was not 
evident at lower solids concentrations. In this study, no attempt has 
been made to examine shear and ten^ erature independently. With thé 
steam jet used it would be possible to reduce the inlet nozzle area, 
thus increasing the shear. Another response surface could be 
investigated for shear; however, the uniformity of solids size would 
have to be closely controlled to prevent blockage. 
The solids concentration of the input slurry did not significantly 
affect the material efficiency of the cooker. Thus, an e:qc>ensive 
control system for solids metering would be unwarranted. However, 
solids concentration is important in slurry handling, and enzyme dosage 
is usually determined in direct proportion to solids; thus, it would be 
unwise not to implement some rudimentary solids control measure. 
Energy ratio increases with solids concentration for both pure 
starch and com meal. Significant solids by temperature interaction 
exists so that the energy ratio vector for pure starch is biased towards 
low temperatures. The energy ratio for com meal is not affected by 
temperature; this is expected as higher total reducing sugar yields are 
evident at higher cooking temperatures. 
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Examination of data at cooking temperatures less than 115*C 
resulted in estimating equations for pure starch which included 
quadratic terms. These were highly significant in explaining 
variability for the dependent variables. No such analysis could be made 
for the com meal due to lack of sufficient data. 
Partial differentiation of the estimating equations determined that 
material efficiency and energy ratio could be optimised at 105.5*C and 
101.9°C, respectively. Solids concentration was not significant for 
material efficiency, but highly significant for energy ratio. 
Production cooker results 
Only twenty runs, seven for pure starch and the remainder for com 
meal, were completed using the production cooker. Due to the lack of 
data, the sensitivity of statistical tests is limited; this is because 
of the small number of degrees of freedom in the error term of the 
model. 
Data were analyzed in a step by step manner using the general 
linear model and eliminating terms by least squares method. The initial 
analysis was conducted using model [1]. 
No significant differences could be found between the starch types; 
however, previous information would indicate that the two starches do 
behave differently, so a sin^ lified model was fitted to pure starch and 
com meal data separately. The new model was as follows: 
+ BjCSDy 4. S.. [131 
Where terms are as previously defined. 
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Approximating equations were determined using model [13] and an 
alpha level of 10%. 
Pure starch: 
ME = 1288.6 - 6901.IS - 11-491T + 64.464ST p ms ms ms 
ERp = 2.8 + 26.6S*** - 0.036T** 
Com meal: 
CR = 694.8 - 5458.2S. - 6.537T + 55.671ST. [16] 
c * ms * 
ME = 917.3 - 7345.4S - 8.742T + 74.700ST [17] 
c ms ns ms *-
ER = 1.1 + 13.9S... - 0.007T [18] 
c *** ns 
No equation was fitted for pure starch CR due to the great 
variability in the data for this variable. Contour plots for the 
approximating equations are presented in Appendix E. 
Similarity is evident between the equations for material efficiency 
for both types of starch and between CR and material efficiency for com 
meal. This again lends evidence to support the initial tests by type of 
starch. The trends from the contour plots are similar to those for the 
laboratory cooker. Material efficiency tends, to decrease with 
increasing temperature when cooking pure starch, whereas it increases as 
temperature increases for com meal. It must be noted that the 
extremities of these contour plots, particularly for material efficiency 
and CR, are subject to the largest error of estimation and are to be 
[14] 
[15] 
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used for trend analysis only. 
Energy ratio increases with solids and decreasing temperature; the 
same trend was found in the laboratory cooker analysis. No optimum 
operating points could be determined, as the estimating equations are 
all first order. 
Error Analysis 
A numerical analysis of the equations for material efficiency [25] 
and energy ratio was conducted. The partial derivatives of the 
resultant with respect to a measured quantity was used to determine the 
degree of error inflation. Taking partial derivatives and dividing by 
the original equation for ME and ER, respectively, results in a 
polynomial in total reducing sugar content of the output slurry. A 
similar analysis for energy ratio shows that the error in calculating ER 
is equal to the error in determining the concentration of total reducing 
sugar in the slurry output. 
The BASIC program (see Appendix D) used to calculate material 
efficiency for the laboratory cooker was modified to give error 
coefficients. For an error of 1% in measurement of total reducing sugar 
concentration in the output slurry supernatant, an average error 
coeffient of 1.167% for pure starch and an average of 1.303% for com 
meal were found. Similar values were recorded for the production 
cooker. 
Another source of error occurred as a result of varying cold water 
temperature. The inlet slurry temperature for the production cooker was 
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not monitored; however, an average inlet water temperature of 37.3°C was 
recorded and used in the analysis. This average temperature was 
calculated from data collected for heat exchange purposes over a twelve 
hour period. It must be noted that due to the proximity of cold water 
pipes and steam pipes the inlet water temperatures did vary greatly 
depending on the amount of water used. 
The sensitivity of material efficiency and energy ratio to inlet 
slurry temperature changes was investigated. For an average inlet 
temperature of 17.5°C, the average change for material efficiency and 
energy ratio for a l^ C change in temperature was 0.21 and 0.74 
respectively. For an average inlet temperature of 26.2^ 0,the values are 
0.22 and 0.85 %. As would be expected, the energy ratio is more 
sensitive to temperature than material efficiency. Calculated values 
for ME and ER are presented in Appendix D. 
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SUMMARY AND CONCLUSIONS 
Â continuous production cooker was designed and constructed to 
process com meal. The complexity of this cooker was deliberately con­
strained by using relatively inexpensive components compatible with 
light duty, on-farm service. In concurrence with this philosophy, all 
controls, with the exception of steam supply to the jet cooker, were 
of an on-off nature and flow control used solenoid rather than progres­
sively controlled valves. 
Initial enzymatic hydrolysis of the starch in the com meal was 
performed by alpha-amylase at temperatures ranging from 97 to 124*C; 
saccharification with glucoamylase was conducted at 60*C in a completely 
stirred tank reactor. The performance of the equipment was assessed by 
measuring solids content and total reducing sugar at key points in the 
system. 
The operating conditions in the production cooker, particularly 
with regard to pH control, were not satisfactory. The metering pumps 
for the acid and base would not retain their calibration. Some supple­
mentary tests using a similar laboratory cooker fitted with the jet 
cooker used on the production unit were performed. During cooking, 
pH was controlled more accurately by using a phosphate buffer. Sacchar­
ification was performed batchwise in a water bath at 60°C after adjust­
ing the pH with propionic acid. 
The quality of measured information obtained from the production 
cooker was unsatisfactory because the lack of pH control often resulted 
in the equipment being operated outside the range of pH recommended by 
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the enzyme manufacturer. In spite of this limitation, the results were 
subjected to statistical analysis using a response surface technique, 
because it was felt that the pooling of all experimental results should 
give some indication of the expected performance of a farm-scale cooker 
operated with unsophisticated controls. 
The dependent variables used in the statistical analysis were: 
1. Material efficiency, the fraction of starch converted to TRS. 
2. Conversion ratio, the ratio of TRS in the output supernatant 
to the input solids concentration. 
3. Energy ratio, the ratio of the higher heating value of the TRS 
produced to the electrical and steam energy used in the conver­
sion process. 
The independent variables in the study were solids concentration in the 
input slurry and the temperature of the cooking process. Pure starch 
was used as a control and com meal as the feedstock of interest. Con­
tour plots were fitted to the results using the least-squares method. 
Solids concentration is not a significant factor in material effi­
ciency or conversion ratio; however, it does explain a significant amount 
of the variability in determining the energy ratio for both pure starch 
and com meal. Physical handling problems will determine the upper 
limit of solids concentration when using cookers of this type; also 
enzyme dosage is based on the amount of solids present. Consequently, 
solids concentration was retained in statistical models irrespective 
of significance. The temperature of the cooking process was significant 
in explaining all dependent variables considered. For both feedstocks, 
the energy ratio increases with solids concentration and decreases with 
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temperature. This would be expected because electrical demand will 
largely be a function of volumetric flowrate, whereas steam consumption 
will drop as the ratio of water to solids drops at a given flowrate. 
Material efficiency and conversion ratio are correlated and may 
be used as predictors for one another. This is advantageous because 
fewer laboratory measurements are required for determining conversion 
ratio. Material efficiency for pure starch showed a maximum at 106*C, 
whereas an increase in material efficiency was observed for com meal 
with increasing temperature. This latter trend was obvious in results 
from both cookers. It is hypothesized that mechanical disruption of 
the starch granules in com meal took place during flash cooling and 
that the dismpted granules were more susceptible to enzymatic hydrolysis. 
Within the limits of uncertainty caused by deficiencies in pH con­
trol, it may be concluded: 
1. For pure starch, the highest yields of glucose can be attained 
by cooking at 106®C. 
2. For com meal, the glucose yield was still increasing at cook­
ing temperatures up to 120*C. 
3. For both starch and com meal, the highest energy ratio is 
attained by operating at solids concentrations greater than 
0.22 kg/kg. It should be noted, however, that plugging prob­
lems may occur at higher solids concentrations. 
4. For pure starch, a temperature of 102*C was optimal for maxi­
mizing the energy ratio. 
The experiences with the small scale cooker constructed for this 
project show clearly that special equipment may be required for using 
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com meal as a feedstock. High temperature cooking seems desirable 
to achieve disruption of the starch granules and close attention must 
be paid to pH control when using currently available enzymes. 
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APPENDIX A: MATERIALS 
Equipment List 
Table A.l. Production cooker electrical equipment 
Type/Brand 
FMC Syntronic 
Eastern 
Allweiller 
Teel 
Teel 
Metronix 
Metronix 
Econodyne 
Econodyne 
Omega 
Jacobsen 
Function 
Powder Feeder 
Mixer 
Surry Pump 
Surge Tank Mixer 
Second Stage Mixer 
Acid Pump 
Alkali Pump 
Alpha Amylase Pump 
AHG Pump 
Temperature Control 
Milling at 0.167 kg/min. 
Power, kw 
Negligible 
0.374 
0.529 
0.537 
0.537 
0.155 
TOTAL 
0.237 
2.369 
Particle Size Distribution 
Table A.2. Particle size distribution 
Tyler sieves 
mesh 
14 
20 
28 
32 
48 
80 
Base 
Percent of 
Pure starch 
1.91 
4.83 
12.05 
15.02 
25.29 
34.31 
6.59 
sample on screen 
Com meal 
0.20 
9.55 
14.37 
47.38 
24.33 
2.76 
1.41 
100 % 100 % 
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Enzyme Specifications 
Termamyl properties (Novo 1977b) 
Temamyl is an alpha-amylase produced by a selected strain of 
Bacillus llcheniformls. 
Action 
Termamyl is an endo-amylase and will hydrolyze 1-4 alpha-glucosidic 
linkages In amylose and amylopectln at random. Starch is therefore 
rapidly broken down to soluble dextrins and oligosaccharides. 
Appearance 
The product is available as a dark brown liquid with a standardized 
activity of 60 Kilo Novo Units per gram. Specific density is around 1.2 
g/cc. 
Storage 
Storage temperatures in excess of 25°C (77°F) are to be avoided. 
Dependence of activity on temperature and pH 
The pH optimum of Termamyl is dependent on the temperature. At 
60°C the optimum is approximately 6. As the temperature increases, the 
pH optimum shifts toward 7.0. In Figure A-1, the pH/temperature 
activity relationship is shown compared with a ^  subtilis alpha 
amylase. In Figure A-2, the temperature activity relationship for 
Termamyl at a fixed pH of 5.7 is shown, together with the same relation­
ship for a ^  subtilis alpha-amylase. 
Activity (KNU/g) 
300- TERMAMYL " BACTERIAL AMYLASE NOVO 
225 
150 
pH ;  4 
Conditions: 0.5% soluble starch, calcium 30- 60 ppm 
Figure A.l. The effect of pH and temperature on amylase activity 
Relative activi ty in Z 
100 
Bacterial Amylase Novo 
Termamyl® 
80 
Conditions: pH 5.7, 0.5% soluble starch, calcium 30- 60 ppm 
Figure A.2. Influence of temperature on the activity of Termamyl compared 
with Bacterial amylase 
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Amyloglucosldase Novo (Novo 1972) 
Amyloglucosldase Novo is an alpha-1,4-glucan glucohydrolase enzyme 
prepared by submerged cultivation of a strain of Aspergillus niger. It 
is available as a liquid with a standardized activity of 75, 100, or 300 
Novo AG-units/ml. 
Amyloglucosidase Novo catalyzes the step-wise hydroysis of alpha-
1,4-links in starch and oligosaccharides by releasing single glucose 
units from the non-reducing end of the molecule. The alpha-1,6-links 
are also attacked so it is possible to achieve complete conversion of 
liquefied starch to glucose. The enzyme preparation is free from 
glucosyl transferase activity and this makes it an ideal choice for 
saccharificat ion. 
Influence of temperature and pH 
Figure A-3 illustrates the pH/activity relationship of Amylogluco­
sidase Novo. The pH-optimum is 4.0 - 5.0, but small variations either 
way can be tolerated. 
Figure A-4 illustrates the dependence of activity on temperature. 
A temperature of 60°C is recommended, but for short reaction times the 
temperature may be taken a few degrees higher. 
Storage 
Storage temperature in excess of 25°C (77°F) should be avoided. 
The product should be kept in the shade or, better still, in a cellar. 
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Main applications 
For the production of "Total Sugar," Crystalline Dextrose, and 
High DE-Syrups. 
Relative activity in % 
1 0 0 -
I 
pH 
Method of analysis: Novo AG-method 
Temperature: 25^ C 
Reaction time: 30 min 
Figure A.3. Influence of pH on the activity of amylo-
glucosidase Novo 
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Relative activity in % 
100 
50 
Method of analysis: Novo AG-method 
Figure A. 4. Influence of temperature on the activity of 
amyloglucosidase Novo 
82 
Amyloglucosidase (Enzyme Technology Corp. 1982) 
Description 
ZYMETEC GA-100 is a carbohydrase produced from a strain of 
Aspergillus niger that catalyzes the hydrolysis of alpha 1,4 and 1,6 
linkages in starch to release single glucose units that can be 
fermented to alcohol or processed further. 
Typical properties 
Form: Amber to brown liquid 
Solubility: Completely soluble active components 
Specific Gravity: 1.25 g/ml 
pH: 4.5 
Activity: 100 CRA/ml 
Transglucosidase Activity: Minimal 
Impurities: Meets Food Chemicals Codex 
Typical operating conditions 
Dry Substance Cone.: 30% 
Temperature: 60 degrees Celsius 
pH: 4.5 to 5.0 
Storage stability 
Up to 3 months at 25 degrees Celsius 
Up to 1 year at 5 degrees Celsius 
Handling precautions 
Avoid unnecessary contact especially inhalation if product dries 
out. Flush all contacted areas with cool water. 
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APPENDIX B: PROCEDURES 
Laboratory Procedures 
Sample preparation 
1. Samples were frozen when brought into the laboratory. 
2. At 4:30 pm the day before analysis samples were taken from 
the freezer and allowed to thaw overnight. 
3. For total solids, the samples were shaken until all solids 
were suspended. 
4. For dissolved solids and total reducing sugar analysis a 
portion was decanted into a 50 mL centrifuge tube. 
5. The samples were then centrifuged for 15 minutes at 12,000 
rpm. 
6. The supernatant was then filtered using a Buchner funnel, 
vacuum pump and Whatman No. 1 filter paper. 
Moisture content dry basis MCDB 
Procedure after ÂPHA (1981) Test No. 209. 
1. Dry aluminum weighing boats overnight in an oven set at 103 -
105°C. 
2. Allow the boats to cool to room temperature; weigh each boat 
to obtain tare. 
3. Add a sample and reweigh. 
4. Place the samples to be dried on a covered tray. 
5. Dry overnight at 103 - 105*C. 
6. Cool the samples to room temperature and reweigh. 
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7. Determine the HCD6. 
Glucose analysis 
Procedure after Robyt et al. (1972). 
Reagents 
1. 5.0 g KCN, 1000 mL distilled water, 0.5 ml BRIJ-35 (a wetting 
agent). 
2. 0.37 g KgFe(CN)g, 20.0 g Na^ CO^ m 1000 mL distilled water. 
3. 10, 20, 40,60,80,100, yg glucose per mL standard solution. 
Reagents 1 and 2 are stored at room temperature in amber bottles. 
Reagent 3 is stored at 4*C. 
Procedure A standard curve is prepared by injecting an array 
of known glucose standards into an Autoanalyzer (manufactured by Technicon). 
The reagents are mixed and then pass through an 85 degree Celsius heating 
bath. The absorbance of the resulting sample is measured as it passes 
through a cuvette using a 420 nm light source. A flow diagram is 
presented in Figure B.l, and a typical standard curve is shown in 
Figure B.2. 
Chemistry The oxidation of the carbohydrate by the ferri­
cyanide (yellow) results in the reduction of the ferricyanide to ferro-
cyanide (colorless). The reducing value of the carbohydrate is thus 
determined by a measurement of the loss of the ferricyanide yellow color. 
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pump 
mixing coil 
85T 
heating 
bath 
waste 
cell 
Autoanalyzer II 
Colorimeter 15mm 
Flow-thru cell 
420 nm interference filter 
sampling rate 40/hr 
output 5v dc full scale 
flow rate 
reagent mL/min 
KCN 1.65 
sample 1.02 
air 1.42 
K3Fe(CN)6 2.29 
waste 2.29 
return 
FIGURE B.l. Âutoanalyzer flow diagram 
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Figure B.2. Glucose standard curve 
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Electronic and recording equipment The Autoanalyzer provides 
a signal output proportional to the concentration of the glucose solution 
passing through the cell. The output is in two channels, the first is used 
to drive a chart recorder, and the second which is scaled to provide 5 volts 
d.c. for full scale deflection is used to drive a Commodore PET microcom­
puter via an analog to digital converter. The computer serves to fit curves 
statistically and to record data. 
Starch Analysis 
Standard method using stannic chloride 
Procedure after Earle and Milner (1944). 
Reagents 
1. 546 g CaCl2, 1000 mL distilled water. Adjust density to 1.30 
at 20°C. Add glacial acetic acid to bring pH of 2.5 ± 0.3 
2. 2.5 g SnCl^  in 97.5 g of the calcium chloride solution. 
Equipment Polarimeter and monochromatic light source capable 
of reproducing to within ± 0.003 circular degrees. 
Procedure Determine moisture content on a dry basis using the 
AOAC method. Solid samples are sieved through a Bo. 28 Tyler screen 
(0.589 mm). Weigh 2 g of the sample into a 250 mL beaker. Add 70 mL of 
CaCl^  solution. Cover with a watch glass and bring to a boil in 5 minutes 
on a hot plate. Boil for 15 minutes stirring as needed to keep the sample 
from sticking to the side of the beaker. Cool quickly and transfer into 
a 100 mL volumetric flask with CaCl^  solution. Add 5 mL of SnCl^  
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solution and fill to the mark with CaClg solution. Mix well and filter 
on a folded No. 2 Whatman filter paper, discarding the first 15 mL of 
the filtrate. Collect an additional portion of the filtrate in a 
seperate receiver and polarize in a 10 or 20 cm tube. 
Calculate the starch content as follows: 
AXlOOXlOO 
Percent Starch = 
LX203XS 
Where A is the observed rotation 
S is the dry sample weight. 
L is the length of tube used. 
Chemistry Calcium chloride is a dispersing agent. Stannic 
chloride precipitates the proteins, which are then filtered out. This is 
necessary as amino acids are optically active. The rotation of mono­
chromatic light is directly proportional to the amount of starch. The 
rotation must be measured to ± 0.003 circular degrees. 
Modified method ^  using uranyl acetate 
Procedure after Com Industries Research Foundation (1964). 
Reagents 
1. Alcohol solvent: 1 g HgCl^  in 900 mL water. Add 100 mL of 95% 
ethyl alcohol. 
2. 550 g CaClg in 760 mL of water. Adjust density to 1.30 at 20*C. 
Add glacial acetic acid to bring pH of 2.0 + 0.1. 
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3. 10 g of UO2 acetate) in 80 mL of distilled 
water and 20 ml of glacial acetic acid heated to not over 60*C, 
and add 100 mL of calcium chloride solution. 
Equipment Polarimeter and monochromatic light source 
capable of reproducing to within ± 0.01 degrees. 
Procedure Similar to the previous method with the following 
modifications. 
1. Determine moisture of sample by an approved method. 
2. Wash 2 g sample with 10 mL of alcohol solvent, filter with vacuum 
through a 9 cm hard paper supported on a filter cone in a 60 
degree funnel. Rinse and wash residue with about 25 mL of alcohol 
solvent; apply vacuum until residue is dry. 
3. Transfer residue and filter paper to a 250 mL beaker and add 60 mL 
of calcium chloride solution. Boil for 30 minutes, maintaining 
liquid level with distilled water. Cool in a waterbath to room 
temperature. 
4. Add 10 mL of uranyl acetate solution instead of stannic chloride. 
Continue as with previous method. 
Chemistry Washing with the alcohol solvent removes the fat 
in the sample and the mercuric chloride prevents enzyme action on the 
starch. The uranyl acetate serves as a coagulating agent for proteins. 
The rotation of the monochromatic light must be measured to ± 0.01 degrees. 
APPENDIX C: RAW DATA 
Table C.l. Raw data - Production cooker - Run 1 - Pure starch 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids, kg/L of 
Site pH pmhos/cm kg/kg kg/kg Supernatant 
1 6.11 1100 0.17400 0.09792 0.03126 
5.60 1050 0.18765 0.08497 0.03066 
5.70 1200 0.18779 0.04440 0.01703 
5.79 1120 0.18585 0.04852 0.01807 
Average 5.83 1118 0.18382 0.06895 0.02425 
2 5.85 910 0.16857 0.16643 0.04211 
5.70 900 0.16852 0.16648 0.04424 
5.67 900 0.16558 0.16484 0.04189 
5.68 830 0.16551 0.16190 0.04344 
Average 5.73 885 0.16705 0.16490 0.04292 
3 5.81 820 0.16694 0.16352 0.04134 
5.80 820 0.16614 0.16330 0.04304 
5.75 890 0.16568 0.16306 0.04422 
5.70 900 0.16220 0.16043 0.04300 
Average 5.77 856 0.16524 0.16258 0.04290 
4 3.20 2480 0.13557 0.13296 0.13216 
4.65 2150 0.13576 0.13298 0.12850 
4.55 2320 0.12023 0.13411 0.12327 
4.05 1960 0.13437 0.11941 0.10399 
Average 4.11 2228 0.13148 0.12986 6.12198 
Average Operating Temperature: 98.4°C 
Average Flow Rate: NR kg/min. NR L/min. 
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. Table C.2. Raw data - Production cooker - Run 2 - Pure starch 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids, kg/L of 
Site pH ymhos/cm kg/kg kg/kg Supernatant 
1 5.65 690 0.14683 0.14322 0.04024 
5.60 700 0.15012 0.14909 0.04219 
5.25 800 0.15824 0.04749 0.01791 
4.64 1000 0.16198 0.02796 0.01089 
Average 5.29 798 0.15429 0.09194 0.02781 
2 5.20 800 0.12831 0.10910 0.02145 
5.10 790 0.13699 0.08270 0.01846 
5.55 740 0.13427 0.13005 0.03022 
5.55 750 0.13175 0.13294 0.03706 
Average 5.35 770 0.13283 0.11370 0.02680 
3 0.15982 . 
• . 0.17493 • • 
5.75 700 0.12212 0.11738 0.02684 
5.35 930 0.15621 0.02430 0.00760 
Average 5.55 815 0.15327 0.07084 0.01722 
4 6.50 1200 0.12116 0.10727 0.08207 
6.65 1120 0.12074 0.07972 0.08551 
6.80 1110 0.12271 0.10260 0.08547 
6.62 1080 0.12458 0.10371 0.08420 
Average 6.64 1128 0.12230 0.09833 0.08400 
Average Operating Temperature: 115.2 °C 
Average Flow Rate: NR kg/min. NR L/min. 
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Table C.3. Raw data - Production cooker - Run 3 - Pure starch 
Conduc­ Total Dissolved TRS, 
tivity , Solids, Solids, kg/L of 
Site pH pmhos/cm kg/kg kg/kg Supernatant 
1 5.65 630 0.15219 0.14716 0.03275 
5.65 590 0.15010 0.14718 0.03489 
5.70 560 0.13966 0.14154 0.03594 
5.70 630 0.13036 0.13061 0.03325 
Average 5.68 603 0.14308 0.14162 0.03420 
2 5.95 500 0.15354 0.05368 0.00761 
5.80 600 0.14492 0.11413 0.01742 
5.90 660 0.14808 0.11372 0.01754 
6.05 740 0.14130 0.07895 0.01292 
Average 5.93 625 0.14696 0.09012 0.01387 
3 0.14241 
• 0.19340 
. 0.19771 
• 0.17320 
Average 
-
0.17668 
4 6.25 790 0.12712 0.11959 0.11499 
6.30 790 0.12729 0.11949 0.10693 
6.30 780 0.12642 0.11665 0.04584 
6.30 780 0.12748 0.12053 0.10648 
Average 6.29 785 0.12708 0.11905 0.09356 
Average Operating Temperature: 115.1°C 
Average Flow Rate: 1.070 kg/min. 0.939 L/min. 
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Table C.4. Raw data - Production cooker - Run 4 - Pure starch 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids > kg/L of 
Site pH ymhos/cm kg/kg kg/kg Supernatant 
1 5.00 1100 0.16356 0.01940 0.00569 
4.92 1100 0.16371 0.01960 0.00558 
4.90 1100 0.16187 0.01926 0.00541 
4.89 1110 0.16131 0.01945 0.00610 
Average 4.93 1103 0.16261 0.01943 0.00570 
2 5.33 810 0.11825 0.11492 0.03132 
5.39 820 0.11846 0.11581 0.03105 
5.45 800 0.11842 0.11599 0.02806 
5.40 790 0.11582 0.11403 0.03136 
Average 5.39 805 0.11774 0.11519 0.03045 
3 5.40 800 0.12105 0.11899 0.03051 
5.41 810 0.11965 0.11782 0.03261 
5.40 790 0.11629 0.11530 0.03360 
5.39 800 0.11623 0.11308 0.03149 
Average 5.40 800 0.11830 0.11630 0.03205 
4 5.90 1420 0.11504 0.11390 0.11741 
5.90 1420 0.11528 0.11454 0.12698 
5.96 1480 0.11531 0.11440 0.10938 
5.95 1390 0.11651 0.11526 0.11528 
Average 5.93 1428 0.11554 0.11453 0.11726 
Average Operating Temperature: 98.3°C 
Average Flow Rate: 0.989 kg/min. 0.932 L/min. 
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Table C.5. Raw data - Production cooker - Run 5 - Pure starch 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids, kg/L of 
Site PH ymhos/cm kg/kg kg/kg Supernata 
1 5.15 620 0.18003 0.02265 0.00781 
5.00 600 0.18250 0.02086 0.00657 
5.11 600 0.18091 0.02058 0.00646 
4.92 610 0.18321 0.02137 0.00731 
Average 5.05 608 0.18168 0.02137 0.00704 
2 5.45 520 0.15606 0.14836 0.03638 
5.40 530 0.15535 0.12954 0.02514 
5.50 560 0.14945 0.07660 0.01538 
5.44 540 0.15089 0.09710 0.02117 
Average 5.45 538 0.15294 0.11290 0.02452 
3 5.79 0.15484 0.09301 0.00325 
5.93 . 0.16034 0.09512 0.00385 
5.40 . 0.15193 0.09732 0.00480 
5.63 « 0.15907 0.08765 0.00624 
Average 5.69 
• 
0.15655 0.09327 0.00454 
4 6.12 680 0.14576 0.13609 0.11927 
6.19 650 0.14605 0.13568 0.11803 
6.19 680 0.14481 0.13538 0.12822 
6.31 650 0.14677 0.13678 0.10943 
Average 6.32 665 0.14585 0.13598 0.11874 
Average Operating Temperature: 107°c 
Average Flow Rate: 0.961 kg/min. 0.901 L/min. 
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Table C.6. Raw data - Production cooker - Run 6 - Com meal 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids, kg/L of 
Site pH Vinihos/cm kg/kg kg/kg Supernatant 
1 4.20 2390 0.08703 0.01414 0.01284 
4.20 2390 0.08606 0.01830 0.01312 
4.19 2400 0.09622 0.01555 0.01324 
4.17 2410 0.09402 0.01542 0.01204 
Average 4.19 2398 0.09083 0.01585 0.01290 
2 4.08 . 0.09734 0.01572 0.00552 
4.10 . 0.11427 0.01854 0.00573 
4.15 . 0.12034 0.01705 0.00523 
4.09 0.10881 0.01533 0.00475 
Average 4.11 
• 
0.11019 0.01666 0.00531 
3 4.10 0.09437 0.01563 0.00614 
4.09 . 0.10391 0.01723 0.00594 
4.09 * 0.10689 0.01736 0.00642 
4.09 0.10841 0.01790 0.00755 
Average 4.08 
• 
0.10339 0.01703 0.00651 
4 6.45 1500 0.05979 0.04078 0.04020 
6.40 1400 0.05768 0.04059 0.02782 
6.50 1500 0.05790 0.04073 0.03890 
6.45 1500 0.06072 0.04178 0.04124 
Average 6.45 1475 0.05902 0.04097 0.03704 
Average Operating Temperature: 98.7°C 
Average Flow Rate: 1.037 kg/min. 0.975 L/min. 
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TableC.7. Raw data - Production cooker - Run 7 - Com meal 
Site PH 
Conduc- Total 
tivity, Solids, 
ymhos /cm kg/kg 
Dissolved 
Solids, 
kg/kg 
TRS, 
kg/L of 
Supernatant 
Average 
Average 
Average 
Average 
4.49 2700 0.11233 0.02649 0.01993 
4.50 2650 0.11265 0.02610 0.02174 
4.49 2700 0.11890 0.02548 0.02041 
4.56 2700 0.11757 0.02614 0.01459 
4.51 2688 0.11536 0.02605 0.01917 
5.64 0.12780. 0.02659 0.00747 
5.59 0.10640 0.02418 0.00721 
5.49 0.11540 0.02653 0.00690 
5.45 0.12160 0.02867 0.00798 
5.54 0.11780 0.02649 0.00739 
5.53 0.11750 0.02680 0.00853 
5.50 0.11542 0.02551 0.00857 
5.45 0.12396 0.02077 0.00891 
5.41 0.11840 0.03352 0.00747 
5.47 0.11882 0.02665 0.00837 
4.60 1200 0.06083 0.04936 0.04963 
4.83 1190 0.06260 0.05106 0.04954 
5.40 1260 0.06426 0.05278 0.05180 
4.99 1250 0.06660 0.05396 0.05306 
4.87 1225 0.06357 0.05179 0.05101 
Average Operating Temperature: 115.7 
Average Flow Rate: 0.974 kg/min. 0.906 L/ndii. 
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Table C.8. Raw data - Production cooker - Run 8 - Com meal 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids, kg/L of 
Site pH umbos/cm kg/kg kg/kg Supernatant 
1 4.29 2590 0.11849 0.03115 0.02464 
4.43 2710 0.14342 0.03234 0.02371 
4.25 2690 0.13299 0.03176 0.02181 
4.32 2550 0.13169 0.03069 0.02471 
Average 4.32 2635 0.13165 0.03149 0.02372 
2 5.99 0.12902 0.04948 0.01409 
6.00 . 0.12753 0.04811 0.01309 
6.00 « 0.12985 0.04368 0.01596 
6.13 . 0.10910 0.02637 0.00869 
Average 6.03 
• 
0.12388 0.04191 0.01296 
3 6.13 0.10349 0.02573 0.09543 
6.13 « 0.12908 0.02625 0.01042 
6.10 . 0.11459 0.02668 0.01199 
6.19 0.13143 0.02206 0.01225 
Average 6.14 
• 
0.11965 0.02519 0.01105 
4 5.15 1450 0.11702 0.09565 0.09385 
5.15 1470 0.11328 0.09601 0.09432 
5.10 1500 0.11556 0.09504 0.09418 
5.17 1510 0.11437 0.09336 0.09128 
Average 5.14 1483 0.11506 0.09502 0.09341 
o_ 
Average Operating Temperature: 105.1 C 
Average Flow Rate: 1.148 kg/min. 1.091 L/min. 
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TableC.9. Raw data - Production cooker - Run 9 - Com meal 
Conduc­ Total Dissolved TRS, 
tivity » Solids, Solids, kg/L of 
Site PH ymhos/cm kg/kg kg/kg Supernata 
1 4.55 2610 0.16245 0.03514 0.02837 
4.57 2750 0.18652 0.03431 0.03115 
4.59 2800 0.16747 0.03473 0.03556 
4.60 2750 0.14357 0.03489 0.03124 
Average 4.57 2728 0.16500 0.03477 0.03158 
2 5.35 0.15168 0.01185 
5.10 0.17296 0.01199 
4.98 0.15550 0.00998 
4.85 0.15948 0.01317 
Average 5.07 0.15991 0.01175 
3 5.20 0.15233 0.01096 
5.09 0.14997 0.01335 
4.95 0.15071 0.01946 
4.85 0.15255 0.01343 
Average 5.02 0.15139 0.01430 
4 3.85 2970 0.13777 0.10217 0.10569 
3.81 2170 0.12751 0.10213 0.09659 
3.80 2190 0.11915 0.10299 0.10396 
3.73 2130 0.12710 0.10502 0.10850 
Average 3.80 2165 0.12788 0.10308 0.10366 
Average Operating Temperature: 98.7°C 
Average Flow Rate: 1.118 kg/min. 1.061 L/min. 
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Table C. 10- Raw data - Production cooker - Run 10 - Com meal 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids, kg/L of 
Site PH ymhos/cm kg/kg kg/kg Supernatant 
1 4.07 3100 0.12156 0.02616 0.01704 
4.17 3000 0.13539 0.02895 0.02183 
4.25 3040 0.14134 0.02968 0.02101 
4.35 3000 0.14600 0.02963 0.02306 
Average 4.21 3035 0.13607 0.02861 0.02073 
2 5.50 0.14686 0.02590 0.00963 
5.69 0.14382 0.02370 0.00992 
5.69 0.14061 0.02342 0.01075 
5.60 0.13636 0.02311 0.01177 
Average 5.62 0.14191 0.02403 0.01052 
3 5.95 0.13690 0.02305 0.01125 
5.89 0.13701 0.02535 0.01048 
5.79 0.13564 0.02323 0.00995 
5.69 0.14060 0.02253 0.01020 
Average 5.83 0-13754 0.02354 0.01047 
4 4.05 1930 0.11736 0.09895 0.11283 
4.30 1810 0.11825 0.09829 0.10644 
4.33 1990 0.11673 0.09908 0.09253 
4.31 2000 0.11169 0.09800 0.09179 
Average 4.25 1933 0.11601 0.09858 0.10090 
Average Operating Temperature: 111.8°C 
Average Flow Rate: 1.105 kg/min. 1.050 L/min. 
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Table C. 11. Raw data - Production cooker - Run 11 - Pure starch 
Conduc- Total Dissolved TRS, 
tivity. Solids, Solids, kg/L of 
Site pH ymhos/cm kg/kg kg/kg Supernatant 
1 6.31 420 0.19231 0.01634 0.00508 
6.21 460 0.19463 0.01845 0.00603 
6.29 490 0.19496 0.01837 0.00578 
6.25 420 0.19194 0.01887 0.00579 
Average 6.27 448 0.19346 0.01801 0.00566 
2 6.59 0.15779 0.02143 0.00331 
6.45 0.14669 0.02530 0.00444 
6.50 0.09594 0.02492 0.00398 
6.47 0.17994 0.03787 0.00786 
Average 6.50 0.14509 0.02738 0.00490 
3 6.43 0.13630 0.05638 0.00339 
6.40 0.16453 0.01239 0.00297 
6.39 0.15583 0.01739 0.00317 
6.43 0.18418 0.01280 0.00329 
Average 6.41 0.16021 0.02474 0.00321 
4 4.10 580 0.14278 0.13535 0.13666 
4.15 550 0.14282 0.13537 0.13872 
4.15 500 0.14375 0.13583 0.13587 
4.13 530 0.14344 0.13872 0.13723 
Average 4.13 540 0.14320 0.13632 0.13712 
Average Operating Temperature: 113.9°C 
Average Flow Rate: 1.161 kg/min. 1.102 L/min. 
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TableC. 12. Raw data - Production cooker - Run 12 - Pure starch 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids, kg/L of 
Site pH pmhos/cm kg/kg kg/kg Supernatant 
1 4.73 600 0.17080 0.02164 0.00921 
5.10 500 0.17084 0.02099 0.00936 
4.97 600 0.16995 0.02233 0.00890 
4.90 550 0.16939 0.02298 0.00952 
Average 4.93 563 0.17025 0.02199 0.00925 
2 6.59 0.11673 0.03962 0.00919 
6.55 0.11591 0.04031 0.00935 
6.57 0.11516 0.04207 0.00895 
6.55 0.11391 0.03732 0.00844 
Average 6.57 0.11543 0.03983 0.00899 
3 6.61 0.13527 0.00841 0.00233 
6.49 0.14210 0.01227 0.00285 
6.59 0.14385 0.00977 0.00264 
6.61 0.14832 0.01063 0.00273 
Average 6.58 0.14414 0.01027 0.00264 
4 3.91 800 0.12632 0.12405 0.12799 
3.93 780 0.12650 0.12427 0.12286 
3.91 790 0.11474 0.12431 0.11668 
3.90 750 0.12692 0.12471 0.12593 
Average 3.91 780 0.12362 0.12434 0.12336 
Average Operating Temperature: 113.8°C 
Average Flow Rate: 1.120 kg/min 1.070 L/min. 
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Table C.13. Raw data - Production cooker - Run 13 - Pure starch 
Conduc­ Total Dissolved TRS, 
tivity , Solids, Solids, kg/L of 
Site pH ymhos/cm kg/kg kg/kg Supernatant 
1 5.80 390 0.18010 0.01298 0.00370 
5.29 350 0.17729 0.01527 0.00414 
5.29 320 0.17737 0.01430 0.00414 
5.65 300 0.17746 0.01387 0.00412 
Average 5.51 340 0.17806 0.01411 0.00403 
2 6.85 . 0.14228 0.07493 0.00134 
6.95 0.18197 0.07217 0.00155 
6.83 0.19299 0.07820 0.00165 
6.80 0.17862 0.07508 0.00187 
Average 6.86 0.17397 0.07510 0.00160 
3 6.47 0.16402 0.07304 0.00169 
6.69 0.16496 0.10300 0.00162 
6.71 0.16156 0.09076 0.00184 
6.41 0.17927 0.08404 0.00181 
Average 6.57 0.16745 0.08771 0.00175 
4 3.57 800 0.13080 0.12955 0.12623 
3.57 790 0.12982 0.12997 0.12676 
3.59 790 0.12973 0.12987 0.12511 
3.61 800 0.13023 0.12994 0.12932 
Average 3.59 795 0.13015 0.12983 0.12685 
Average Operating Temperature; 97.33 °C 
Average Flow Rate: 1.130 kg/min. 1.072 L/min. 
104 
Table C. 14. Raw data - Production cooker - Run 14 - Com meal 
Conduc­ Total Dissolved TRS, 
tivity , Solids, Solids, kg/L of 
Site PH ymhos/cm kg/kg kg/kg Supernatant 
1 4.60 0.30074 0.04104 0.03325 
4.75 0.22781 0.04188 0.03576 
4.62 0.22761 0.04122 0.03422 
4.68 0.22447 0.04125 0.03379 
Average 4.66 0.24516 0.04135 0.03426 
2 5.30 0.19557 0.02182 0.01016 
5.23 0.21848 0.02099 0.00993 
5.05 0.20372 0.02026 0.01846 
4.92 0.19196 0.03938 0.01445 
Average 5.13 0.20243 0.02561 0.01325 
3 5.34 0.24959 0.02280 0.01195 
5.21 0.20636 0.04267 0.01376 
4.99 0.26433 0.02229 0.01071 
4.80 0.26397 0.02262 0.01124 
Average 5.09 0.24606 0.02760 0.01170 
4 3.65 0.15159 0.11918 0.10840 
3.80 0.14488 0.12005 0.11053 
3.90 0.16503 0.12801 0.11125 
3.80 0.13803 0.10926 0.09814 
Average 3.79 0.14988 0.11913 0.10708 
Average Operating Temperature: 96.9 °C 
Average Flow Rate: 1.217 kg/min. 1.130 L/min. 
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Table C.15. Raw data - Production cooker - Run 15 - Com meal 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids, kg/L of 
Site pH wmhos/cm kg/kg kg/kg Supernatant 
1 4.69 0.23507 0.03996 0.02971 
4.59 0.23858 0.03963 0.02852 
4.40 0.22040 0.03612 0.02998 
4.71 0.22620 0.03942 0.02852 
Average 4.60 0.23006 0.03878 0.02918 
2 4.91 0.26449 0.02430 0.01631 
4.81 0.22939 0.03602 0.01109 
4.65 0.25286 0.02274 0.00924 
4.54 0.20900 0.02304 0.01033 
Average 4.73 0.23894 0.02653 0.01174 
3 4.70 0.23626 0.02857 0.01198 
4.70 0.24679 0.02161 0.00985 
4.62 0.16862 0.03033 0.01156 
4.40 0.20115 0.02457 0.01153 
Average 4.61 0.21321 0.02627 0.01101 
4 3.70 0.13471 0.14656 0.11229 
3.58 0.14618 0.12226 0.10424 
3.56 0.14850 0.12014 0.10379 
3.60 0.12464 0.11841 0.09817 
Average 3.61 0.13851 0.12684 0.10462 
Average Operating Temperature; 98.2°C 
Average Flow Rate: 1.180 kg/min. 1.103 L/min. 
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Table C.16. Raw data - Production cooker - Run 16 - Com meal 
Conduc- Total Dissolved TRS, 
tivity. Solids, Solids, kg/L of 
Site pH ymhos/cm kg/kg kg/kg Supernatant 
1 4.83 
4.95 
4.60 
4.78 
0.22352 
0.23700 
0.23651 
0.23011 
0.03269 
0.03300 
0.03334 
0.03153 
0.02159 
0.02045 
0.02199 
0.01843 
Average 4.79 0.23179 0.03264 0.02062 
2 5.02 
5.00 
4.92 
4.95 
0.22314 
0.23894 
0.21790 
0.21397 
0.01688 
0.01541 
0.01763 
0.03478 
0.00397 
0.00388 
0.00455 
0.00541 
Average 4.97 0.22349 0.02118 0.00445 
3 5.19 
5.10 
5.01 
4.90 
0.25522 
0.24775 
0.23729 
0.22724 
0.01645 
0.03040 
0.01643 
0.01802 
0.00367 
0.00397 
Average 5.05 0.24188 0.02033 0.03822 
4 4.18 
4.20 
4.19 
4.20 
0.16896 
0.15943 
0.16185 
0.16052 
0.13636 
0.12284 
0.13205 
0.13166 
0.12411 
0.12323 
0.11864 
0.13040 
Average 4.19 0.16269 0.13073 0.12410 
Average Operating Temperature; 95.8 
Average Flow Rate 1.068 kg/min. 0.990 L/min. 
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Table C.17. Raw data - Production cooker - Run 17 - Com meal 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids, kg/L of 
Site PH ymhos/cm kg/kg kg/kg Supernatant 
1 6.00 0.29015 0.04824 0.03288 
5.99 0.28001 0.04818 0.03462 
5.12 0.26055 0.04318 0.04093 
5.91 0.24161 0.04854 0.03341 
Average 5.76 0.26808 0.04704 0.03546 
2 6.10 0.22426 0.05204 0.01211 
6.11 0.22681 0.02920 0.01055 
6.00 0.21869 0.03149 0.01240 
6.02 0.21425 0.03308 0.01452 
Average 6.06 0.22100 0.03645 0.01240 
3 6.15 0.22400 0.02846 0.01090 
6.09 0.19768 0.03023 0.01207 
6.05 0.22936 0.03993 0.01418 
6.10 0.19956 0.03149 0.01420 
Average 6.10 0.21265 0.03253 0.01284 
4 4.25 0.16010 0.12702 0.12933 
4.18 0.16673 0.14135 0.13012 
4.25 0.16277 0.13837 0.13029 
4.20 0.16790 0.14233 0.13079 
Average 4.22 
• 
0.16438 0.13727 0.13013 
Average Operating Temperature : 97.7^C 
Average Flow Rate: 1.121 kg/min. 1.031 L/min. 
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Table C. 18. Raw data - Production cooker - Run 18 - Com meal 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids, kg/L of 
Site pH yndios/cm kg/kg kg/kg Supernatant 
1 5.58 0.30747 0.04262 0.03121 
5.20 0.26106 0.04865 0.03669 
5.25 0.25236 0.04843 0.03460 
4.32 0.24326 0.05089 0.03873 
Average 5.09 0.26604 0.04765 0.03531 
2 5.90 0.23102 0.03558 0.01233 
5.78 0.25538 0.03558 0.01263 
5.79 0.22992 0.05417 0.01420 
5.60 0.25539 0.03750 0.01511 
Average 5.77 0.24293 0.04071 0.01357 
3 5.88 0.25527 0.04611 0.01284 
5.95 0.24246 0.03252 0.01175 
5.73 0.25874 0.03543 0.01341 
5.60 0.21867 0.03763 0.01474 
Average 5.79 0.24379 0.03792 0.01318 
4 4.40 0.16672 0.12582 0.10545 
4.45 0.16847 0.12546 0.11034 
4.43 0.15713 0.12387 0.11034 
4.42 0.13208 0.11395 0.10387 
Average 4.43 0.15610 0.12228 0.10750 
Average Operating Tenq>erature: 97.2 °C 
Average Flow Rate: 1.125 kg/min. 1.123 L/min. 
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Table C. 19. Raw data - Production cooker - Run 19 - Com meal 
Conduc­ Total Dissolved TRS, 
tivity, Solids, Solids, kg/L of 
Site pH pmhos/cm kg/kg kg/kg Supernatant 
1 4.60 0.23638 0.04275 0.03931 
4.45 0.24734 0.04316 0.04029 
4.58 0.24053 0.04252 0.03840 
4.40 0.23638 0.04267 0.03896 
Average 4.51 0.24016 0.04278 0.03924 
2 5.35 0.24301 0.03044 0.01365 
5.22 0.24813 0.03340 0.01550 
5.05 0.25207 0.03339 0.01637 
4.85 0.24721 0.03296 0.01686 
Average 5.12 0.24761 0.03255 0.01559 
3 5.42 0.25549 0.03081 0.01170 
5.21 0.26498 0.03223 0.01340 
5.01 0.25137 0.03233 0.01641 
4.83 0.26012 0.03284 0.01688 
Average 5.12 0.25799 0.03205 0.01460 
4 4.29 0.15332 0.12385 0.12341 
4.29 0.15351 0.12538 0.11995 
4.30 0.15572 0.12746 0.12411 
4.30 0.16009 0.12826 0.12769 
Average 4.30 0.15566 0.12624 0.12379 
Average Operating Temperature: 96.8°C 
Average Flow Rate: 1.079 kg/min 0.969 L/min. 
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Table C.20. Raw data - Production cooker - Run 20 - Com meal 
Conduc- Total Dissolved TRS, 
tivity. Solids, Solids, kg/L of 
Site ph pmhos/cm kg/kg kg/kg Supernatant 
1 4.40 
4.33 
4.30 
4.30 
0.21484 
0.24745 
0.23963 
0.24010 
0.04065 
0.04044 
0.04057 
0.04010 
0.03532 
0.03259 
0.03657 
0.03689 
Average 4.33 0.23551 0.04044 0.03534 
2 4.71 
4.62 
4.59 
4.50 
0.22404 
0.23329 
0.23794 
0.21434 
0.02840 
0.02770 
0.02740 
0.02795 
0.01566 
0.01545 
0.01591 
0.01612 
Average 4.61 0.22740 0.02786 0.01579 
3 4.70 
4.62 
4.55 
4.95 
0.18627 
0.21991 
0.20823 
0.26714 
0.02779 
0.02611 
0.02771 
0.02696 
0.01444 
0.01439 
0.01539 
0.01420 
Average 4.71 0.22039 0.02714 0.01460 
4 4.29 
4.25 
4.30 
4.30 
0.14825 
0.15304 
0.15483 
0.14783 
0.12032 
0.12206 
0.12202 
0.12238 
0.12119 
0.12611 
0.12310 
0.12228 
Average 4.29 0.15099 0.12170 0.12317 
Average Operating Temperature : 98.4°C 
Average Flow Rate: 1.156 kg/min. 1.055 L/min. 
Table C.21. Raw data - Laboratory cooker - Pure starch - February 6, 1983 
Target Temperature Total Solids Dissolved Solids Glucose, 
Solids Degrees Celsius kg/kg kg/kg kg/L of Supernatant kg/L of Supernatant 
Run Temp.,C kg/L water Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet 
1 104 0.25 15.0 104.2 0.21181 0.18523 0.01382 0. ,18323 0.00366 0.18502 
2 104 0.25 14.8 103.9 0.21341 0.20218 0.01616 0. 18250 0.00400 0.18445 
3 124 0.25 14.8 123.8 0.21400 0.17595 0.01580 0. 15116 0.00380 0.14999 
4 124 0.25 14.8 123.5 0.21730 0.18720 0,03351 0. 15812 0.00409 0.15612 
5 114 0.20 13.6 113.6 0.17894 0.16633 0.01303 0. 14723 0.00279 0.16350 
6 114 0.20 13.9 114.1 0.18003 0.16207 0.01337 0. 14797 0.00306 0.14212 
7 104 0.15 13.6 104.3 0.14844 0.13083 0.01092 0. 12431 0.00215 0.12519 
8 104 0.15 14.4 104.1 0.14202 0.13014 0.01236 0. 12159 0.00207 0.11587 
9 124 0.15 14.6 123.5 0.14314 0.12468 0.00925 0. 11391 0.00158 0.10936 
10 124 0.15 16.0 124.2 0.14453 0.12584 0.01096 0. 11309 0.00233 0.10713 
Moisture Content Dry Basis: 15.2IX 
Table C.22. Raw data - Laboratory cooker - Corn meal - February 9, 1983 
Target Temperature Total Solids Dissolved Solids Glucose 
Solids Degrees Celsius kg/kg kg/kg kg/L of Supernatant kg/L of Supernatant 
Run Temp* C kg/L water Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet 
1 104 0.25 18.1 103.5 0.17833 0.14523 0.04273 0.11046 0.02827 0.11321 
2 104 0.25 17.4 103.9 0,17141 0.15252 0.04320 0.11158 0.02727 0.11745 
3 124 0.25 15.6 132.0 0.15259 0.14924 0.04111 0.11939 0.02548 0.12576 
4 124 0.25 17.4 137.0 0.18890 0.15472 0.03915 0.12143 0.02442 0.12987 
5 114 0.20 17.7 116.1 0.13015 0.12130 0.03244 0.09529 0.01922 0.09617 
6 114 0.20 17.4 119.2 0.13563 0.12758 0.03164 0.10120 0.01927 0.10937 
7 104 0.15 15.4 103.9 0.10878 0.08408 0.02700 0.06906 0.01556 0.07167 
6 104 0.15 17.3 103.6 0.11256 0.08550 0.02533 0.06801 0.01505 0.06726 
9 124 0.15 15.1 124.9 0.10862 0.08236 0.02574 0.06466 0.01463 0.06318 
10 124 0.15 17.0 126.0 0.09763 0.09575 0.02431 0.07308 0.01464 0.07881 
tfoisture Content Dry Basis: 12.88% 
Tablée.23. Raw data - Laboratory cooker - Corn meal - February 23. 19B3 
Target Temperature Total Solids Dissolved Solids Glucose 
Solids Degrees Celsius kg/kg kg/kg kg/L of Supernatant kg/L of Supernatant 
Run Temp, C kg/L water Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet 
1 124 0.25 17. 2 124.4 0.17915 0.16064 0.03639 0.11972 0.02133 0.11589 
2 124 0.25 15. 4 123.8 0.15126 0.15336 0.03444 0.11333 0.01986 0.11041 
3 114 0.20 15. 9 113.8 0.11475 0.14308 0.02837 0.10387 0.01576 0.10434 
4 114 0.20 15. 3 114.0 0.11951 0.10354 0.02827 0.07808 0.01584 0.07736 
5 104 0.15 15. 1 104.6 0.09976 0.07925 0.02096 0.06172 0.01065 0.05960 
6 104 0.15 15. 3 104.4 0.08593 0.07775 0.02103 0.06110 0.01126 0.05955 
Moisture Content Dry Basis: 13.19% 
Table C. 24. Raw data - Laboratory cooker - Pure starch - February 28, 1983 
Target Temperature Total Solids Dissolved Solids Glucose 
Solids Degrees Celsius kg/kg kg/kg kg/L of Supernatant kg/L of Supernatant 
Run Temp. C kg/L water Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet 
I 100 0.20 15.1 100.5 0.17220 0. 15663 0.01412 0. 15095 0.00528 0. 16325 
2 104 0.20 16.1 104.2 0.17127 0. 15445 0.01326 0. 14854 0.00386 0. 16598 
3 104 0.20 15.5 104.8 0.17270 0. 15673 0.01359 0. 15386 0.00378 0. 16340 
4 114 0.20 15.9 114.1 0.17251 0. 16119 0.01351 0. 11405 0.00376 0. 1191" 
5 114 0.20 16.6 114,5 0.17245 0. 15902 0.01340 0. 11448 0.00359 0. 12318 
6 109 0.25 15.7 109.6 0.19910 0. 18183 0.01610 0. 17552 0.00446 0. 19827 
7 109 0.25 15.0 109.2 0.19926 0. 18296 0.01552 0. 17298 0.00437 0. 19069 
8 108 0.20 15.6 108.7 0.17270 0. 15722 0.01325 0. 15188 0.00371 0. 16979 
9 109 0.15 15.0 109.7 0.13599 0. 12220 0.01097 0. 11954 0.00283 0. 12828 
10 109 0.15 14.6 108.8 0.13590 0. 12176 0.01083 0. 11650 0.00277 0. 12612 
Moisture Content Dry Basis; 13.45% 
Tablée.25. Raw data - Laboratory cooker - Pure starch - March 14, 1983 
Target Temperature Total Solids Dissolved Solids Glucose 
Solids Degrees Celsius kg/kg kg/kg kg/L of Supernatant kg/L of Supernatant 
Run Temp. C kg/L water Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet 
1 100 0.25+ 16.7 100.0 0.21528 0.20353 0.01899 0.19426 0.00427 0. 20030 
2 100 0.25+ 15.0 100.0 0.21575 0.20115 0.01868 0.19611 0.00421 0. 20459 
3 100 0.25 14.9 100.0 0.20541 0.19177 0.01707 0.19010 0.00465 0. 19367 
4 100 0.25 16.0 100.0 0.20407 0.19068 0.01513 0.18344 0.00390 0. 18121 
5 100 0.22 16.1 100.0 0.18597 0.17334 0.01439 0.17012 0.00387 0. 17286 
6 100 0.22 16.4 100.1 0.18627 0.17602 0.01350 0.16880 0.00350 0. 16928 
7 104 0.25 14.7 104.5 0.20441 0.19126 0.01587 0.19099 0.00412 0. 18887 
8 104 0.22 15.7 104.8 0.18165 0.16900 0.01361 0.16720 0.00444 0. 16880 
9 109 0.22 15.3 109.6 0.18454 0.17216 0.01483 0.16961 0.00467 0. 16920 
10 109 0.22 14.6 109.7 0.18406 0.17280 0.01265 0.16677 0.00406 0. 16927 
Moisture Content Dry Basis: 12.58% 
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APPENDIX D: STARCH CONVERSION EFFICIENCY 
Starch Conversion Efficiency 
Material input 
Mass of inert matter Mi. 
m 
Mass of starch Met-
'^•xn 
Mass of TRS 
Mass of water 
"in 
Steam for heating ^^ P^in 
Material output 
Mass of inert matter Mj 
o^ut 
Mass of starch Mgt 
'-out 
Mass of TRS l^out 
Mass of water M»  ^
o^ut 
Mass of steam lost M^ ap^ ^^  
Stoichiometric relationship assumed 
Hydrolysis of starch "^ 6^^ 10^ 5^  ^  
Mwt 162 18 180 
From the stoichiometric and a mass balance on starch and glucose: 
»SW = - «=W> m 
From the stoichiometric and a mass balance on starch and water: 
o^ut = ^ in + ^ v^apin " ^vap^ ^^  "  ^ [20] 
The fraction of starch converted: 
Efficiency of conversion = (—^  [21] 
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Output relationships that are known 
On a dry solids basis, 
y - ^ o^ut kg glucose . 
Miout + Mstouc + Mglout total solids out 
On a wet solids basis, 
Y : ^ o^ut kg glucose , 
o^ut + + "glout + %ut 
Hence: 
1 - 1 _ ^ o^ut ^  ^stput ^  ^S^ out ^  ^out i^put s^tput S^^ out 
 ^ »sW 
o^ut 
S^lout 
Write this for convenience as: 
^ = Z . ^  [24,  
o^ut 
(Note that Z is a value that can be obtained for input and output slurries 
from laboratory measurements.) 
Algebraic manipulation of equations [193, [20] and [24]. 
Equation [19] divided by equation [20] yields: 
"sw • "slj. + (Mstio - «:[..[) (UW 
""out ""in "vapin " ' ^^2) 
-Mglin = 
1 A9 
" "stout^  " 180 +18 Z ^^ in a^Pin " ^aPout^  " ^^ in^  
Hence, equation 3 can be obtained: 
162 (^ in a^pin " ^aPout^  " "g^ -in^  
Mstin " 180 + 18Z Mst^  ^
[25] 
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The values of Z, M„. , . , and Met- are all obtained from labora-i^n om m 
tory measurements. The values of and Mvapgy^  must be estimated 
from the steam required to heat the slurry over the known temperature dif­
ference and the steam flashed off during expansion to atmospheric pressure. 
Verification of equation [251 
Slurry 
Assumed slurries A B G 
kg X103 
Input 500 500 500 
Inert matter 0 10 30 
Glucose 1 5 10 
Starch 99 85 60 
Water .400 .400 .400 
Material efficiency 80% 90% 70% 
Output kg X103 
search 19.8 8.5 18.0 
Glucose out [19] 89.0 90.0 56.7 
Water out [20] 391.2 391.5 395.3 
Inert matter unchanged 0 10 30 
Total 500 500 500 
Example calculation for ^  
Consider raising the temperature from 20®C to 105°C. Steam is avail­
able at 105 ®C, 100% saturated w^ Tg = 105-20 = 85 K 
Assume 
Sstarch " 1-4749 kJ/kg K (Charm, 1963) 
Cpgiucose 1-256 kJ/kg K (Charm, 1963) 
<Water ' "-l»' Wkg K 
Qg «^ Enthalpy for components of slurry Bx Tg 
= * ^ater * ^starch * ^glucose * ^gl^ ^^ B 
= (.400 x 4.187 + 0.085x1.4749 + 0.005x1.256) 85 
= 153.54 kj 
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The value of hf^ at 105*C is 2221 kJ/kg. 
Hence, the steam required for heating is 
153.54/2221 = 0.0691 kg 
Steam lost at flash cooling: 
at 105"C hg = 2683 kJ/kg h^  = 440 kJ/kg 
at 100*0 hg = 2676 kJ/kg h^  = 419 kJ/kg 
If X is the fraction of water vaporized when passed through the throttle 
(assuming a reversible process) 
440 = (1-x) 419+ x 2676 
X = (440-419) / (2676-419) = 0.093 
Where hydrolysis takes place is important. It is probably a reasonable 
assumption to consider the bulk of hydrolysis taking place during saccha-
rificatlon, so it is reasonable to base the steam vapor loss on the initial 
water present. 
Hence, the water lost as vapor during flash cooling is 
0.400 kgX0.0093 = 0.00374 kg 
Thus,the water in the final product will be 
0.3915 + 0.0691- 0.00374 = 0.4569 kg 
Final product summary 
3 
Initial temp. 20°C Slurryx10 kg 
A (100°C) B (105*C) C (125*C) 
Inert matter 0. 0 10.0 30.0 
Glucose 89 .0 90.0 56.7 
Starch 19 .8 8.5 18.0 
Water 455 .7 456.9 461.6 
Total 564 .5 565.4 566.3 
Using equation [25] 
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Â B C 
X 
Y 
Z 
Material efficiency [25] 
0.8180 0.8295 0.5415 
0.1577 0.1592 0.1001 
0.1954 0.1970 0.1228 
0.8004 0.9000 0.7003 
BASIC Program 
A computer program was written to handle the data collected from the 
cookers. The program is written for use on a Commodore Pet (BASIC 3.0). 
Assumptions: 
1. Enthalpy of the entering slurry could be determined by summing 
individual components and no chemical changes occur during heating. 
2. Steam loss during flash cooling is determined for standard atmos­
pheric pressure. 
3. The density and enthalpy of glucose and water can be represented 
adequately by a fourth order polynomial in total reducing sugar 
concentration and temperature respectively.  ^0.997 (data for 
glucose solutions extracted from 61st edition of the CRC Handbook; data 
for steam and water from Mayhew and Rogers, 1972) 
4. Material efficiency - as previously defined. 
5. Heat of combustion for glucose (HHV) 670 kcal/g wt (Weast 1980). 
6. Constant electrical power consumption 2.369 kW. 
7. All sugars present may be adequately assumed to be glucose and com­
pletely soluble. 
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Table D.l. Program Variables 
Variable Description Units 
Measured 
SI Total solids input kg/kg slurry in 
SO Total solids output kg/kg slurry out 
GI TRS input (dissolved) kg/L X 10 ^  
GE TRS output (dissolved) kg/L X 10 ^  
T1 Temperature of uncooked slurry " C  
T2 Cooking temperature " C  
CF$ Alpha string for CF 
CF Fraction of solids = starch Dimensionless 
Computed 
N Dummy variable 
Hl Enthalpy of input slurry kJ/kg X 10"^  
HF Enthalpy of water (saturated) kJ/kg 
HG Enthalpy of steam (saturated) kJ/kg 
HT Latent heat of condensation kJ/kg 
SM Steam input kg/kg slurry in 
LO Steam loss at flash cooler kg/kg slurry in 
DI Density of input supernatant kg/L 
DE Density of output supernatant kg/L 
ZI Input coefficent kg TRS in 
kg water in 
ZE Outlet coefficent kg TRS out 
kg water out 
ME Material efficiency % 
EE Electrical energy kJ/kg slurry in 
ER Energy ratio Dimensionless 
L Number of data lines 
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BASIC program listing 
110 rem * basic program to calculate the * 
120 rem * material efficiency and energy * 
130 rem * ratio for the laboratory cooker * 
150 print "" 
160 print "do you require a data list?" 
170 input "input y or n";pf$ 
180 print " ":print " "iprint " " 
190 print "do you require an output listing " 
200 print "of calculated data?" 
210 input "Input y or n";pd$ 
220 1= 3:diim a( 1,4) 
230 gosub 340 
240 if pf$="y" then gosub 640 
250 if pd$="y" then gosub 950 
260 print "end of prog ram":stop 
270 rem ************************* 
280 rem * input data Iines here * 
290 rem ************************* 
310 rem * enthalpy balance * 
320 rem * individual components * 
340 read si,gi,so,ge,t1,t2,cf$ 
350 if cf$="p"then cf=1,00 
360 if cf$="c"then cf=0.67 
370 n=n+1 
380 rem enthy of entering slurry 
390 rem assuming no chemical change 
400 h1=(((si-gi)»1.475«(t2-t1))+(gi«1.256*(t2-t1))+(1-si)*4.186*(t2-t1))/1000 
410 hf=854.2778636-24.80210659*t2+.36572389*t2**2-.0020346*t2»*3+4.221e-6»t2»*4 
420 hg=1838.84847687+25.325325*t2-.31123201«t2«*2+.00181657*t2**3-3.998e-6*t2*«4 
430 ht=hg-hf 
440 sm=h1/(ht/1000) 
450 rem steam loss at flash cooler 
460 lo=(1-si)*(hf-417)/2258 
470 rem density of supernatant 
480 gi=gi*1000:ge=ge*1000 
490 de=0.99820833+.00037853*ge+6.5521452e-9*ge**2-7.2301558-11*ge**3+5.6e-14*ge**4 
500 d1=0.99820833+.00037853*9i+6.5521452e-9*geî2-7.230155e-n*gf**3+5.6e-14*gi«*4 
510 g i =g i/1000:ge=ge/1000 
520 ze=ge*(1/(de-ge)) 
530 zi=gi*(1/(di-gi)) 
540 gi=zi*(1-si) 
550 me=((162/(180+(18*ze)))*((ze*((1-si)+sm-lo)-gi)/(cf»si)))*100 
560 print me 
570 rem ee is electrical energy used 
580 rem expressed in kj/gslurry out 
590 ee=.19 
600 er=(ge*15.63)/((sm*2.2)+ee) 
610 a(n-l,0)=t2:a(n-1,1)=5i:a(n-1,2)=sm:a(n-1,3)=me:a(n-1,4)=er 
620 if n<l then goto 340 
630 return 
650 rem * printer control cards * 
660 rem * data output * 
680 open 1,7 
690 open 2,7,2 
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700 open 3,7,1 
710 open 6,7,6 
720 restore 
730 printjjf1,chr$(l)chr$(l)" starch cooker test" 
7«»0 print#!," " 
750 print#1,chr$(l)" 
760 print#1," ":print#1," " 
test total 770 print#1," 
780 print#1." 
790 print#1," 
800 print#1," 
810 f$= " 
820 print#2,f$ 
830 n=0 
sol ids 
input B output 
aaaa 99.99 99.99 
test data" 
% glucose kg/I 
input B output 
Z.999 99.99 
temp deg eel si us" 
input B output" 
99.9 999.9" 
840 
850 
860 
read si.gi,so,ge,t1,t2,cf$ 
if cf$="p" then a$= pure 
if cfS="c" then a$="corn" 
870 print#6,chr${18) 
880 print#3,a$ chr$(29),si»100,so»100,gi*100,ge»100,t1,t2 
890 n=n+1 
900 if n<l goto 840 
910 print#6,chr$(24) 
920 print#! 
930 close 1 :cIose 2:close3:close 6 
940 return 
960 rem * printer contol cards * 
970 rem * output data * 
990 open 1,7 
1000 open 2,7,2 
1010 open 3,7,1 
1020 open 6,7,6 
1030 print#!,chr$(1)chr$(1)" calculated data" 
1040 print#!," " 
!050 print#!,chr$(!)" test program " 
1060 print#!," ":print#l," " 
test temp totaI steam 
sol id input 
kg/kg kg/kg 
aaaa 999.9 z.999 z.999 
materia I 
efficiency 
% 
999.9 
1070 print#!," 
1080 print#!," 
1090 print#!," 
1100 print#!," 
1110 print#2," 
1120 restore 
1130 for i=0 to 1-1 
1140 read si,gi,so,ge,t1,t2,cf$ 
1150 if cf$=''p" then b$=*pure" 
1160 if cf^"c" then b$="corn" 
1170 print#6,chr$(18) 
1180 print#3,b$chr$(29),a(i,0),a(i,l),a(i,2),a(i,3),a(i,4) 
1190 next i 
1200 print#6,chr$(24) 
1210 print#1 
1220 close !:close 2:close 3:close 6 
1230 return 
9.9" 
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The program was verified by inputing data for hypothetical slurries 
Â, B and C. 
Table D.2. Test data input 
A 
Slurry 
B C 
Total solids input, kg/kg 0. 200 0.200 0.200 
Glucose in % w/w supernatant 0, ,250 1.235 2.440 
Glucose input kg/L supernatant 0, ,00249 0.01239 0.02459 
Total solids output, kg/kg 0. 19270 0.19170 0.18490 
Glucose output % w/w supernatant 16. 340 16.440 10.940 
Glucose output kg/L supernatant 0, ,17384 0.17497 0.11395 
Table D.3. Test data output 
Material efficiency 
Expected 
Actual 
Error 
80.0% 
79.9% 
0.125% 
90.0% 
89.9% 
0.333% 
70.0% 
70.4% 
1.000% 
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Calculated Results 
Laboratory cooker 
TABLE D.4. Laboratory cooker input data 
Total Solids Glucose Content 
kg/kg X 10^ kg/L supernatant X 10^ Temperature C 
Test Input Output Input Output Input Output 
Pure 21.28" 18.52 0.366 18.50 15.0 104.2 
Pure 21.34 20.21 0.399 18.44 14.8 103.9 
Pure 21.40 17.59 0.380 14.99 14.8 123.8 
Pure 21.73 18.72 0.409 15.61 14.8 123.5 
Pure 17.89 16.63 0.279 16.35 13.6 113.6 
Pure 18.00 16.20 0.305 14.21 13.9 114.1 
Pure 14.84 13.08 0.215 12.51 13.6 104.3 
Pure 14.20 13.01 0.207 11.58 14.4 104.1 
Pure 14.31 12.46 0.157 10.93 14.6 123.5 
Pure 14.45 12.58 0.233 10.71 16.0 124.2 
Com 17.83 14.52 2.826 11.32 18.1 103.5 
Com 17.14 15.25 2.727 11.74 17.4 103.9 
Com 15.25 14.92 2.547 12.57 15.6 132.0 
Com 18.89 15-47 2.442 12.98 17.4 137.0 
Com 13.01 12.13 1.922 9.61 17.7 116.1 
Com 13.56 12.75 1.927 10.93 17.4 119.2 
Com 10.87 8.40 1.555 7.16 15.4 103.9 
Com 11.25 8.55 1.504 6.72 17.3 103.6 
Com 10.86 8.23 1.462 6.31 15.1 124.9 
Com 9.76 9.57 1.463 7.88 17.0 126.0 
Com 17.91 16.06 2.133 11.58 17.2 124.4 
Com 15.12 15.33 1.985 11.04 15.4 123.8 
Com 11.47 14.30 1.575 10.43 15.9 113.8 
Com 11.95 10.35 1.584 7.73 15.3 114.0 
Com 9.97 7.92 1.065 5.96 15.1 104.6 
Com 8.59 7.77 1.126 5.95 15.3 104.4 
Pure 17.22 15.66 0.528 16.32 15.1 100.5 
Pure 17.12 15.44 0.385 16.32 16.1 104.2 
Pure 17.27 15.67 0.377 16.34 15.5 104.8 
Pure 17.25 16.11 0.376 11.91 15.9 114.1 
Pure 17.24 15.90 0.358 12.31 16.6 114.5 
Pure 19.91 18.18 0.446 19.82 15.7 109.6 
Pure 19.92 18.29 0.437 19.06 15.0 109.2 
Pure 17.27 15.72 0.371 16.97 15.6 108.7 
Pure 13.59 12.22 0.282 12.82 15.0 109.7 
Pure 13.59 12.27 0.277 12.61 14.6 108.8 
Pure 21.52 20.35 0.426 20.03 16.7 100.0 
Pure 21.57 20.11 0.420 20.45 15.0 100.0 
Pure 20.54 19.17 0.464 19.36 14.9 100.0 
Pure 20.40 19.06 0.390 18.12 16.0 100.0 
Pure 18.59 17.33 0.386 17.28 16.1 100.0 
Pure 18.62 17.60 0.349 16.92 16.4 100.1 
Pure 20.44 19.12 0.411 18.88 14.7 104.5 Pure 18.16 16.90 0.444 16.88 15.7 104.8 Pure 18.45 17.21 0.467 16.92 15.3 109.6 
Pure 18.40 17.28 0.405 16.92 14.6 109.7 
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TABLE D.5. Laboratory cooker calculated results 
Total Steam Material 
Solids Input Efficiency Energy 
Test Temp. °C kg/kg in kg/kg in Percent Ratio 
Pure 104.2 0.211 0.143 79.4 5.7 
Pure 103.9 0.213 0.142 78.3 5.7 
Pure 123.8 0.214 0.179 62.4 4.0 
Pure 123.5 0.217 0.178 63.9 4.1 
Pure 113.6 0.178 0.166 85.8 4.5 
Pure 114.1 0.180 0.166 72.8 3.9 
Pure 104.3 0.148 0.152 79.9 3.7 
Pure 104.1 0.142 0.151 77.3 3.4 
Pure 123.5 0.143 0.188 72.6 2.8 
Pure 124.2 0.144 0.187 69.7 2.7 
Com 103.5 0.178 0.140 69.1 3.5 
Com 103.9 0.171 0.142 76.9 3.6 
Com 132.0 0.152 0.201 99.3 3.0 
Com 137.0 0.188 0.203 80.8 3.1 
Com 116.1 0.130 0.170 88.6 2.6 
Com 119.2 0.135 0.175 99.4 2.9 
Com 103.9 0.108 0.152 78.3 2.1 
Com 103.6 0.112 0.148 69.7 2.0 
Com 124.9 0.108 0.194 68.2 1.5 
Com 126.0 0.097 0.195 101.0 1.9 
Com 124.4 0.179 0.180 76.0 3.0 
Com 123.8 0.151 0.186 88.8 2.8 
Com 113.8 0.114 0.170 117.2 2.8 
Com 114.0 0.119 0.171 77.5 2.1 
Cora 104.6 0.099 0.155 73.9 1.7 
Cora 104.4 0.085 0.156 86.1 1.7 
Pure 100.5 0.172 0.140 88.0 5.1 
Pure 104.2 0.171 0.145 89.2 4.9 
Pure 104.8 0.172 0.147 88.5 4.9 
Pure 114.1 0.172 0.164 62.7 3.3 
Pure 114.5 0.172 0.163 65.0 3.4 
Pure 109.6 0.199 0.153 92.4 5.8 
Pure 109.2 0.199 0.153 88.5 5.6 
Pure 108.7 0.172 0.154 92.5 5.0 
Pure 109.7 0.135 0.161 90.4 3.6 
Pure 108.8 0.135 0.160 88.8 3.6 
Pure 100.0 0.215 0.132 84.5 6.4 
Pure 100.0 0.215 0.135 86.6 6.5 
Pure 100.0 0.205 0.136 86.4 6.1 
Pure 100.0 0.204 0.135 80.9 5.8 
Pure • 100.0 0.185 0.136 86.0 5.5 
Pure 100.0 0.186 0.136 83.9 5.4 
Pure 104.5 0.204 0.145 84.8 5.7 
Pure 104.8 0.181 0.146 86.1 5.1 
Pure 109.6 0.184 0.155 84.8 4.9 
Pure 109.7 0.184 0.156 85.4 4.9 
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Production cooker 
TABLE D.6. Production cooker input data 
Total Solids TRS 
kg/kg X 10^  kg/L supernatant X 10^  Temperature ""c 
Test Input Output Input Output Input Output 
Pure 18.38 13.14 2.425 12.19 37.3 98.4 
Pure 15.42 12.23 2.780 8.40 37.3 115.2 
Pure 17.02 12.36 0.924 12.33 37.3 113.8 
Pure 14.30 12.70 3.420 9.35 37.3 115.1 
Pure 19.34 14.32 0.566 13.71 37.3 113.9 
Pure 16.26 11.55 0.569 11.72 37.3 98.3 
Pure 18.16 14.58 0.704 11.87 37.3 107.0 
Com 9.08 5.90 1.290 3.70 37.3 98.7 
Com 11.53 6.35 1.917 5.10 37.3 115.7 
Com 13.16 11.50 2.372 9.34 37.3 105.1 
Com 16.50 12.78 3.157 10.36 37.3 98.7 
Com 13.60 11.60 2.073 10.09 37.3 111.8 
Pure 17.80 13.01 0.402 12.68 37.3 97.3 
Com 24.51 14.98 3.425 10.70 37.3 96.7 
Com 23.00 13.85 2.918 10.46 37.3 98.2 
Com 26.60 14.25 3.531 9.91 37.3 97.2 
Com 23.17 16.26 2.061 12.40 37.3 95.8 
Com 26.80 16.43 3.546 13.01 37.3 97.7 
Com 24.01 15.56 3.924 12.37 37.3 96.8 
Com 23.55 15.09 3.534 12.31 37.3 98.4 
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TABLE D.7. Production cooker calculated results - input slurry 
temperature 15®C 
Total Steam Material 
Solids Input Efficiency Energy 
Test Temp. °C kg/kg in kg/kg in Percent Ratio 
Pure 98.4 0.183 0.135 51.2 3.9 
Pure 115.2 0.154 0.169 37.0 2.3 
Pure 113.8 0.170 0.165 63.9 3.4 
Pure 115.1 0.143 0.171 43.4 2.5 
Pure 113.9 0.193 0.162 63.1 3.9 
Pure 98.3 0.162 0.137 65.0 3.7 
Pure 107.0 0.181 0.151 57.3 3.5 
Com 98.7 0.090 0.145 41.6 1.1 
Com 115.7 0.115 0.175 43.2 1.3 
Com 105.1 0.131 0.153 80.4 2.7 
Com 98.7 0.165 0.137 65.3 3.2 
Com 111.8 0.136 0.165 88.6 2.8 
Pure 97.3 0.178 0.134 64.3 4.0 
Com 96.7 0.245 0.126 40.7 3.5 
Com 98.2 0.230 0.130 45.1 3.4 
Com 97.2 0.266 0.125 32.3 3.3 
Com 95.8 0.231 0.126 60.1 4.1 
Com 97.7 0.268 0.125 47.1 4.3 
Com 96.8 0.240 0.127 49.1 4.1 
Corn 98.4 0.235 0.130 51.8 4.0 
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TABLE D.8. Production cooker calculated results - input slurry 
temperature 20*C 
Total Steam Material 
Solids Input Efficiency Energy 
Test Temp. C kg/kg in kg/kg in Percent Ratio 
Pure 98.4 0.183 0.127 50.6 4.0 
Pure 115.2 0.154 0.161 36.5 2.4 
Pure 113.8 0.170 0.157 63.3 3.5 
Pure 115.1 0.143 0.162 42.9 2.6 
Pure 113.9 0.193 0.154 62.5 4.0 
Pure 98.3 0.162 0.129 64.4 3.8 
Pure 107.0 0.181 0.143 56.8 3.6 
Com 98.7 0.090 0.136 41.1 1.1 
Corn 115.7 0.115 0.166 42.7 1.4 
Com 105.1 0.131 0.144 79.6 2.8 
Com 98.7 0.165 0.129 64.6 3.4 
Com 111.8 0.136 0.157 87.7 2.9 
Pure 97.3 0.178 0.126 63.8 4.2 
Com 96.7 0.245 0.118 40.3 3.7 
Corn 98.2 0.230 0.122 44.6 3.5 
Com 97.2 0.266 0.117 31.9 3.4 
Com 95.8 0.231 0.118 59.5 4.3 
Com 97.7 0.268 0.118 46.6 4.5 
Com 96.8 0.240 0.119 48.5 4.2 
Com 98.4 0.235 0.122 51.2 4.1 
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TABLE D.9. Production cooker calculated results - input slurry 
temperature 37.3®C 
Total Steam Material 
g Solids Input Efficiency Energy 
Test Temp. C kg/kg in kg/kg in Percent Ratio 
Pure 98.4 0.183 0.099 48.8 4.6 
Pure 115.2 0.154 0.132 35.0 2.7 
Pure 113.8 0.170 0.128 61.3 4.0 
Pure 115.1 0.143 0.132 41.1 3.0 
Pure 113.9 0.193 0.126 60.6 4.5 
Pure 98.3 0.162 0.100 62.5 4.4 
Pure 107.0 0.181 0.114 55.0 4.1 
Com 98.7 0.090 0.106 39.4 1.3 
Com 115.7 0.115 0.136 40.8 1.6 
Cora 105.1 0.131 0.115 76.6 3.2 
Com 98.7 0.165 0.101 62.0 3.9 
Com 111.8 0.136 0.127 84.5 3.3 
Pure 97.3 0.178 0.097 61.8 4.8 
Com 96.7 0.245 0.092 38.6 4.2 
Com 98.2 0.230 0.095 42.9 4.0 
Com 97.2 0.266 0.091 30.5 3.9 
Com 95.8 0.231 0.091 57.4 4.9 
Com 97.7 0.268 0.092 44.7 5.1 
Com 96.8 0.240 0.092 46.5 4.9 
Com 98.4 0.235 0.095 49.2 4.8 
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APPENDIX E: CONTOUR PLOTS 
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FIGURE E.l. Contour plots for the laboratory cooker using pure 
starch at temperatures between 100 and 125 C 
2 [a - Conversion ratio [4] R =0.56; b - Material 
efficiency [5] r2=0.53; C - Energy ratio [6] R =0. 
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FIGURE E.2. Contour plots for the laboratory cooker using corn meal 
at temperatures between 100 and 125 C 
2 [a - Conversion ratio [7] R =0.14; b - Material efficiency 
[8] r2=0.26; C - Energy ratio [9] R =0.89] 
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FIGURE E.3. Contour plots for the laboratory cooker using pure starch 
at temperatures between 100 and 115°C 
2 [a - Conversion ratio [10] R =0.41; b - Material efficiency 
[11] 5.2=0.38; c - Energy ratio [12] 8.2=0.91] 
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FIGURE E.4. Contour plots for the production cooker using com meal 
at temperatures between 95 and 115 C 
[a - Conversion ratio [16] R =^0.43; b - Material efficiency 
[17] R2=0.44; c - Energy ratio [18] R2=0.78] 
136 
0.20 
0.19 
0.18  
- 0.17 
h 0.16 
0.15 
0.14 
100 103 106 109 
Temperature, ®C 
115 112  
S 0.20 r-T=i 
S "Cs 
c 0.19 -
« 
S  0 . 1 8  
« 0.17 
0 .16  
0.15 
0.14 
100 103 109 115 106 112 
Temperature, ®C 
FIGURE E-5. Contour plots for the production cooker using pure starch 
at temperatures between 100 and 115 C 
[a - Material efficiency [14] R^ =0.71; b - Energy 
ratio [15] R2=0.88] 
